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PRE FACE 
This volume was prepared by the Thermophysical and Electronic Properties 
Information Analysis Center (TEPIAC), a DOD Information Analysis Center operated 
by the Center for Information and Numerical Data Analysis and Synthesis (CINDAS), 
Purdue University, West Lafayette, Indiana, 


The overall program is aimed at providing data and information on all the important 
thermophysical properties of twenty-seven selected aerospace materials. This Part I 
contains data and information on thermal radiative properties only. Other parts are in 


preparation to cover other thermophysical properties, 


Because of the extensive scope and highly specialized nature of the work, the 
staff who contributed to this volume were drawn not only from TEPIAC but also from 
other CINDAS programs. The following key personnel comprised the team responsible 
for the authorship (including data compilation, evaluation, and generation of recommended 
values) of the sections on the various selected materials: Mr. M. W. Johnson (Aluminum 
Alloy 2024), Dr. P. D. Desai (Aluminum Alloy 7075 and Titanium Alloy Ti-6AI-4V), 
Mr. T. Y. R. Lee (AISI 304 Stainless Steel), Dr. R. A. Matula (Aluminum oxide, boron 
nitride, calcium aluminum silicate, magnesium fluoride, Pyroceram, and vitreous silica), 
Mr. T. N. Havill (silicon), Dr. K. Y. Wu (silicon carbide), Dr. T. C. Chi (silicon 
nitride, acrylic resins, Lucite, polycarbonate plastics, and silicone resins), and Dr. 
H. H. Li (aluminized grafoil, boron fiber aluminum matrix composite, graphite fiber 
aluminum matrix composite, boron fiber epoxy composite, glass fiber epoxy composite, 
and graphite fiber epoxy composite). The Scientific Documentation Division of TE PIAC 


provided the in-depth search of the literature supplemental to its basic coverage, 


We wish to take this opportunity to acknowledge the assistance provided by many 
of our friends both in governmental laboratories and in industry. In most cases this 
assistance has taken the form of providing reports or papers not readily available, 


It is hoped that the present volume will prove useful to a large technical community 
as it provides a wealth of knowledge heretofore unknown or inaccessible to many. In 
particular, it is felt that the critical evaluation, analysis and reference data recommenda- 


tion, whenever possible, constitute perhaps the most unique aspect of this work, 


In putting a volume of this magnitude together it is nearly impossible to avoid 
some errors and omissions. It is hoped that we were able to keep these to a minimum, 
The editors and contributors would be most grateful if those who use this volume bring 
to their attention any additional known data or any possible errors that might have been 
inadvertently committed. 


Y, S. TOULOUKIAN 

Director of CINDAS 

Distinguished Atkins Professor of 
May 1976 Engineering 
West Lafayette, IN 47906 Purdue University 
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SUMMARY 


This volume presents the mort. comprehensively compiled experimental data and 
the critically evaluated and recommended values for the thermal radiative properties 
(hemispherical, normal, angular) spectral emittance, reflectance, absorptance, and 
transmittance of twenty-seven selected aircraft/spacecraft structural materials of tech- 


nological interest. 


Each subproperty is treated with respect to both wavelength and temperature 
dependences whenever possible. In the compilation of experimental data, all available 
data covering from the photographic region of the spectrum up to 100 ym are included. 
The recommended values resulting from critical evaluation, analysis, and synthesis 
of the available data and information cover the wavelength range of present interest from 
visible region (below 1 ym) to the infrared of 15 ym, if possible. Furthermore, the 
recommended values as a function of temperature are given for four particularly useful 
wavelengths (whenever possible): 2.8 ym, 3.8 ym, 5.0 ym, and 10.6 ym. 


The experimental data and the recommended values for each dependence of each 
subproperty of each material are presented in both tabular and graphical forms, together 
with a discussion text and a specification table. The former reviews and discusses the 
available data and information, the theoretical guidelines and other factors on which the 
critica] evaluation, analysis, and synthesis of data are based, and the considerations 
invoived in arriving at the final assessment and recommendations, and the latter gives 
the information on the specimen characterization and measurement method and condition 


for each set of experimental data. 


In order to enable the user to fully utilize and properly interpret the data and 
information presented in this reference work and also to enhance the usefulness of the 
data themselves, the theoretical background of thermal radiative properties is given at 
the beginning of the volume. Since most of the selected materials are not well known, 
a concise description of each of the materials is given at the beginning of each of the 


subsections. 


The material and property coverage of this volume is summarized in the table 
entitled "Page Index to Materials and Properties" which appears on the next page. 
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1. INTRODUCTION 


This reference work presents the most comprehensively compited experimental 
data and the critically evaluated and recommended values on the thermal radiative prop- 
erties of twenty-seven selected aircraft/spacecraft structural materials. 


The twenty-seven specific materials and generic groups of materials covered 


are the following: 


1. Metals 


(1) Aluminum Alloy 2024 

(2) Aluminum Alloy 7075 

(3) AISI 304 Stainless Steel 
(4) Titanium Alloy Ti-6A1-4V 
(5) Hadfield Manganese Steel 


2. Dome Materials 


(6) Aluminum oxide (Wesgo Al-300) 
(7) Boron nitride 
(8) Calcium aluminum silicate (Corning 9753) 
(9) Magnesium fluoride (Kodak IRTRAN 1) 
(10) Pyroceram (Corning 9606) 
(11) Silica (vitreous) 
(12) Silicon 
(13) Silicon carbide 
(14) Silicon nitride 


3. Transparent Materials 


4 


(15) Acrylic resins 
(16) Lucite 


(17) Polycarbonate plastics 


(18) Polyphenylquinoxeline 
(19) Silicone resins 


Composites 


(20) Aluminized grafoil 

(21) Boron fiber aluminum matrix composite 
(22) Graphite fiber aluminum matrix composite 
(23) Boron fiber epoxy composite 

(24) Glass fiber epoxy composite 

(25) Graphite fiber epoxy composite 

(26) Silicon nitride with chopped graphite fiber 
(27) Silicon nitride with vitreous silica 


Melting Point (K) 


775-911 
750-911 
1670-1727 
1803-1908 
1470-1480 


2315-2320 


3273( sublimation) 
1723-1773 

1528 

1623( softening) 
1950-2000 

1687 


>2400( sublimation) 


2200( dissociation) 


277-511( softening) 

397 (softening) 

520( decomposition) 

430( softening 

580( decomposition) 

780-830 (decomposition) 
473-873(thermal degradation) 


933.52(M.P. o: Al) 
933. 52(M.P. of Al) 
933.52(M.P. of Al) 
590( epoxy decomposition) 
590(epoxy decomposition) 
590( epoxy decomposition) 


The thermal radiative properties covered include the four prime properties: 
emittance, reflectance, absorptance, and transmittance. Additionally, each of the 
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prime properties are divided into three subproperties: hemispherical spectral, normal 
spectral, and angular spectral, and each subproperty is treated with respect tu both 


wavelength and temperature dependences, wherever possible, 


In the comp 'lation of experimental data, all available data covering from the 
photographic region of the spectrum up to 100 ym are included. The recommended val- 
ues resulting from critical evaluation, analysis, and synthesis of the available data and 
information cover the wavelength range of present interest from visible region (below 
1 wm) tothe infrared of 15 ym, if ,ossible. Furthermore, the recommended values 
as a function of temperature are given for four particularly useful wavelengths (when- 


ever possible); namely: 2.8, 3.8, 5.0, and 10.6 um. 


In order to enable the user to fully utilize and properly interpret the data and 
information presented in this report and also to enhance the usefulness of the data them- 
selves, Section 2 provides the theoretical background of thermal radiative properties, 
which is believed useful. In Section 3 the procedure for data evaluation and the gener- 
ation of recommended values is briefly outlined. The original experimental data and the 
critically evaluated and recommended values in both tabular and graphical forms for 
the various subproperties of the selected materials are given in Section 4, together with 
a discussion text and a table on measurement information. The discussion text reviews 
and discusses the available data and information, the theoretical guidelines and other 
factors on which the critical evaluation, analysis, and synthesis of data are based, and 
the considerations involved in arriving at the final assessment and recommendations. 

In this discussion text the accuracy or uncertainty of the recommended values is also 
stated. The table on measurement information contains the information on the specimen 
characterization and measurement method and condition for each set of experimental data, 
Since most of the selected materials are not well known, a concise description of each 
ofthe materials is given at the beginnirg of each of the subsections in Section 4, The 
complete bibliographic citations for the 332 references are given in Section 5. 





2. THEORETICAL BACKGROUND* 


2.1. General Remarks 


The purpose of this section is to briefly explain the theoretical background that 
is helpful in understanding thermal radiative properties and the material presented in 
this report. 


When light or other forms of electromagnetic radiation is incident on a material, 
three things can happen: the light is reflected, the light is absorbed, or the light is trans- 
mitted. Materials in general exhibit selective reflectance, absorptance, and transmit- 
tance, which means that the reflectance, absorptance, and transmittance vary with the 
wavelength of the incident light. For example, if the fraction of the incident light or 
radiative energy transmitted is plotted against wavelength, it would show peaks and val- 
leys. What is the significance of peaks in a transmittance curve as a function of wave- 
length? When looking through a piece of blue glass which is illuminated by white light, 
it would appear blue to an observer. This means that the blue light with its character- 
istic wavelengths passes through the material and is not absorbed. Red glass which is 
illuminated by white light will appear red to an observer meaning that the red light with 
its characteristic wavelengths is not absorbed and passes through the glass with little 
loss in intensity. Thus, as a generalization, it can be stated that the wavelengths of 
light that are transmitted by a material are those wavelengths at which the light is not 
selectively absorbed by the material. This generalization holds not only for visible light 
but also for thermal radiation. The peaks or high values of transmittance correspond 
to the thermal radiation which is not absorbed at those particular wavelengths and the 
valleys or low values of transmittance correspond to the thermal radiation which is ab- 
sorbed at those particular wavelengths. What physically occurs when light or thermal 
radiation at certain wavelengths is absorbed? A material is made up of a large number 
of atoms and/or molecules. These atoms or molecules can undergo various kinds of 
motion or changes in condition by excitation with light or other electromagnetic radiation 
of certain wavelengths. When the wavelength of the incident radiation is the same as 
the wavelength necessary to excite various kinds of motion or changes in condition, the 
atoms or molecules absorb the radiation of those wavelengths and the remaining radiation 
with other wavelengths is transmitted through the material. 


Radiation is one of the three fundamental means of heat transfer, the others being 
conduction and convection. Radiation differs from the other means in two important re- 
spects: first, uo medium is required for the transport of energy by radiation, and second, 


* For details, see the text in [T61238 and T66579]. 
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the rate of heat dissipation by radiation varies approximately as the fourth power of the 
absolute temperature, whiie that by the other means varies approximately as the first 
power of temperature. For these reasons, radiation becomes the dominant means of 


heat transfer at high temperatures and in the absence of an atmosphere. 


The thermal radiative properties - emittance, reflectance, absorptance, and 
transmittance - are the parameters which are descriptive of the energy transported by 
means of radiation. The properties can be rrescribed in greater detail to account for 
the spectral or wavelength conditions and the geometrical or directional conditions in 
which the radiant energy interacts with the solid. This interaction can be phenomenol- 
ogically described by other properties as well, such as the optical constants, complex 
dielectric constant, or propagation factor, each of which is especially convenient for 


studying various aspects of the interaction. 


There is a marked contrast between the radiative properties of metallic and 
nonmetallic solids. The magnitude of the radiative properties of the metallic solid is 
determined to a large extent by the surface condition; due to the high absorption index 
radiant energy will not travel more than a few hundred angstroms into the metal before 
being totally absorbed. As a result, surface roughness, oxide layer formations, struc- 
tural defects due to mechanical stresses, etc. can be predominating influences on the 
property variations. The nonmetallic or dielectric materials are known to be less sen- 
sitive to surface conditions; the absorption and emission processes are "bulk" or "volume" 
phenomena. This is a consequence of appreciable transparency of the nonmetallic solid 


to thermal radiation. 


The understanding of the basic mechanism of interaction between radiant energy 
and metallic solids is reasonably well developed. The behavior of the metallic solid 
is fairly adequately described by the free electron models which indeed are only approx- 
ima‘e, but do provide simple and useful tools. The more sophisticated theories, while 
still not useful as yet for the prediction of numerical values from structural parameters, 
do provide a means for evaluation of experimental data and a basis for developing em- 
pirical relations to meet specific conditions. Our understanding of the theory of nonmetal- 
lic behavior is less well developed. The simplest model ascribes the nonmetallic behavior 
as due to a combination of several] tvper of free electrons and electrons bound to the lat- 
tice. The theory is useful for basic understanding of behavior but not tractable for direct 
computation of property values. The problem is further complicated by transparency, 
scattering phenomena, and temperature gradients within the solid, which can usually 
be treated only in a gross or oversimp!ified manner. 





In summary, then, pertaining to the principal differences between the metallic 
and nonmetallic behaviors, it can be stated that there are two: (1) the contributions 
of the transparency of nonmetallic solids giving rise to ' volume" effects rather than 
"gurface" effects which predominate the behavior of metallic solids, and (2) the lack 
of theoretical tools and simplified models for nonmetallic solids as are available for 


metallic materials. 


2,2. Terminology 


In order to understand the many terms and the notation used to describe thermal 
radiation, an explanation of relevant processes, things, quantities, properties, and des- 


criptors, etc. is called for. 


a. Processes 


Radiation. The process by which radiant energy is emitted by a body. This process 


is also called emission. 


Reflection. The process by which radiant energy incident on a surface or medium leaves 
that surface or medium from the incident side. 


Transmission. The process by which radiant energy incident on a surface or medium 
leaves that surface or medium on a side other than the incident side. 


Absorption. The process by which radiant energy is converted into another form of 


energy. 


Propagation. The process or processes by which radiant energy is transferred from 
one region to another region in space. 


b. Things 
Radiator. A source of radiant energy. 


Thermal Radiator. A radiator that emits thermal radiant energy, as a consequence of 


its temperature only. 


Blackbody. A body or surface that absorbs all of the radiant energy incident upon it, 
and emits the maximum possible amount of thermal radiant energy at each fre- 
quency for a body at its temperature. 


Reflector. A body that reflects incident radiant energy. 


Transmitter. A body that transmits incident radiant energy. 





Transparent Body. A body that transmits radiant energy directly, without diffusion or 
scattering, and has a relatively high transmittance. 


Translucent Body. A body that transmits radiant energy principally by diffuse transmis- 
sion. Objects are not seen distinctly through such a body. 


Absorber. A body that absorbs incident radiant energy. 


c. Quantities 


Radiant Energy, Q. Energy in the form of electromagnetic waves or photons. Joules, 
ergs, or kilowatt-hours. 


Thermal Radiant Energy, Q. Radiant energy that is emitted by a thermal radiator. 


Radiant Density, W. W =dQ/dV. Radiant energy per unit volume. Joule per cubic meter, 


erg per cubic centimeter. 


Radiant Flux, 6. @=dQ/dt. Time rate of flow of radiant energy. Evg per second, 
watt. 


Radiant Intensity, I. I= d@/dw. Flux per unit solid angle from a source. Watt per 
steradian. 


Radiance, L. L=d’@/dw dA cos 6. Flux propagated in a given direction, per unit solid 


angle about that direction and per unit area projected normal to the direction. 


Exitance, M. M =d$/dA. Flux per unit area leaving a surface. 


Irradiance, E. E=d/dA. Flux per unit area incident on a surface. 


d. Properties 


Properties ending in "ance" are properties of real specimens, regardless of 
thickness or surface condition. Properties ending in "ivity" are intrinsic properties 
of the material of which the specimen is composed, and can only be approached by val- 
ues measured on real specimens that have clean optically smooth surfaces and are 


opaque. 
Reflectance, p. The ratio of reflected flux to incident flux. 
Absorptance, a. The ratio of absorbed flux to incident flux. 
Transmittance, T. The ratio of transmitted flux to incident flux. 


Internal Transmittance, T. The ratio of the radiant flux reaching the exit surface to 


the flux which leaves the entry surface of a transparent body. 





Emittance, ¢€. The ratio of the radiant exitance of a body at a given temperature to that 


of a blackbody radiator at the same temperature. 


Reflectivity, p, p.. The reflectance of a specimen that has an optically smooth surface 


and is thick enough to be opaque. 


Absorptivity, a, a. The absorptance of a specimen that has an optically smooth sur- 


face and is thick enough to be opaque. 


Emissivity, €, €2. The emittance of a specimen that has an optically smooth surface 
and is thick enough to be opaque. 


Reflectance Factor, R. The ratio of the flux reflected by a specimen under specified 
conditions of irradiation and viewing to that reflected by the ideal completely re- 


flecting, perfectly diffusing surface, identically irradiated and viewed. 


For each of the four thermal radiative properties it is necessary to specify the 


wavelength conditions and the geometrical conditions applicable to the property. 


e. Wavelength Descriptor 


The only wavelength descriptor that is applicable to this report is the term 
"spectral'', Used as a modifier for a thermal radiative property it means as a function 
of wavelength. For example, spectral transmittance means transmittance as a function 
of wavelength and is designated as T(X). Used in the context of a condition, the concept 
spectral means for a very narrow band of wavelength and is also referred to as mono- 


chromatic. 


f. General Geometrical Descriptors 


Figure 1 shows the general case of reflection at a surface and indicates the 
necessary geometric parameters required to fully describe the incident and reflected 
fluxes. The beams representing the incident and viewed flux are described by the zenith 
angles for 6 and 6' and by the beam solid angles w and w'. The lengitudinal angles } 
and @' relate the axes of the beams tu each other and some reference line on the spec- 
imen; as a practical matter very few measurements 80 specify this angular descriptor. 
It is t‘\e convention in this report to distinguish three sets of general conditions as 
follows: 


Normal - Conditions for incidence and/or viewing through a solid angle w or w', 
normal to the specimen; that is 6 or 6' <15°. 








Figure 1. Geometric parameters de.criptive of reflection from a surface. 6 is 
the zenith angle, or colatitude, in degrees; © is the azimuthal angle, 
or longitude, in degrees; wis the beam solid angle, in steradians; and 
the symbol ' refers to viewing conditions. 


Angular - Conditions for incidence and/or viewing through a solid angle 
w or w' at some direction specified by 6 or 6’ > 15° 


Hemispherical - Conditions for incidence and/or viewing of flux over a hemispher- 
ical region; that is w or w' = 27 
The descriptors normal and angular do not fully describe the geometric conditions; w 
and/or w' and @ and 6' must be provided to fully specify the geometry. 


g. Present Classification Scheme 


In the classification scheme used :n the data section of this report, reflectance, 
absorptance, and transmittance subproperties are grouped geometrically by incidence 
conditions and emittance is grouped by viewing conditions. 


For absorptance, transmittance, and reflectance, hemispherical means the 
radiation is incident over a hemisphere, i.e., w= 2, while normal means §< 15° and 
angular means @ 215°. For emittance, hemispherical means w' = 27, normal @' < 15°, 
and angular 6' 215°. 


h. Symbolic Representation 


The various subproperties are expressed according to the following convention. 
The symbols for the four primary properties €, 0, a, and T have already been presented. 





The geometric (incidence and viewing conditions) and wavelength descriptors, in that 
same order, are symbolically represented within the parentheses being separated by 
semicolons. The most general case would be (using reflectance as an example): 


p(6, S, w; 8", &', wr; A) 
where the wavelength descriptor, X, used in this report has previously been defined. 


As a practical matter not all the designations are always needed and many are 
omitted for convenience sake; usually and @' are not used and, of course, for emittance 
and absorptance, the incidence and viewing geometry symbols, respectively, are not 


applicable. 


It should be noted that for the subproperties of emittance and absorptance, only 
one geometric descriptor is required to designate the conditions of viewing and incidence, 
respectively. For the subproperties of reflectance and transmittance, two geometric 
descriptors are required since both incidence and viewing conditions need to be specified. 


2.3. Interrelations Between Thermal Radiative Properties 


All matter is continually emitting radiant energy as a result of the thermal 
vibration of the particles (electrons, ions, atoms, and molecules) of which it is com- 
posed. This process is called thermal radiation, and the radiant energy so emitted is 
called thermal radiant energy. 


Each solid body is not only continually emitting thermal radiant energy, but it 
is also continually being bombarded by radiant energy from its surroundings, some of 
which is absorbed. The net rate of heat transfer by radiation to or from the body is equal 
to the difference in the rates of emission and absorption. Hence, the properties of the 
body that influence these rates are called thermal radiative properties. 


When a body is irradiated, part of the incident radiant energy is reflected, part 
is absorbed, and the rest is transmitted. Nothing else can happen to it. The incident 
flux, o;, is equal to the sum of the reflected flux, o, the absorbed flux, a and the 
transmitted flux, ®,: 


&,=6,+ 6+, (2,3-1) 


This is an example of the Law of Conservation of Energy. 


The reflectance, p, is the ratio of reflected flux to incident flux; the absorptance, 
a, is the ratio of absorbed flux to incident flux; and the transmittance, T, is the ratio of 
transmitted flux to incident flux. Dividing both sides of eq. (2.3-1) by $; gives 
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l=p+at+T (2.3-2) 
For opaque materials, r = 0, henze for such materials 
pta=1 (tT = 0) (2.3-3) 
Kirchhoff's law states that the absorptance is equal to the emittance 
a=€ (2.3-4) 
Thus, for an opaque material 
p+e=1 (2. 3-5) 


and the thermal radiative properties of an opaque body are fully described by either the 
reflectance or the emittance. However, there are certain restrictions that apply to eqs. 
(2.3-2) through (2.3-5). They are restricted by the geometric and wavelength distri- 
bution of the reflected and emitted radiant energy. Considering the geometric distribution 


only, for opaque specimens 
| a8, w) =1- 08, w; 2m) (23-6) 
where 6, w are the same for a and 0, and 
€(6', wt) =a(6, w) (2. 3-7) 


where @ = @' and w = w'. Equation (2.3-6) was derived on the basis of conservation of 
energy. Incident radiant energy that is not reflected must be absorbed and eq. (2.3-7) 
is a statement of Kirchhoff's law. Equations (2. 3-6) and (2.3-7) can be used to convert 
one type of data (subproperty) to another. If normal emittance data are not available, 
for instance, normal absorptance or normal hemispherical reflectance can be used to 


compute the desired values. 


The variation of the thermal radiative properties with temperature, wavelength, 
and geometric conditions (including polarization) of irradiation and viewing poses certain 
restrictions on eqs. (2.3-2) through (2.3-5). For eqs. (2.3-2) and (2.3-3) to be valid, 
a, 0, and T must be evaluated under the same conditions, which means that the temper- 
ature of the specimen must be the same, and the spectral composition, direction, solid 
angle, and degree and direction of polarization of the incident radiant energy must be 
identical, and all of the reflected and transmitted radiant energy must be measured. 


Kirchhoff's law, eq. (2.3-4), is derived for the condition that the specimen is 
irradiated in a blackbody cavity with walls at the same temperature as the specimen, 
which means that the specimen is uniformly irradiated over a hemisphere with unpolar- 
ized radiant energy having the spectral distribution of that of a blackbody radiator at 





11 


the temperature of the specimen. However, it can be proved that eq. (2.3-4) is also 
valid for the two conditions: (1) any solid angle less than a hemisphere if the direction 
and solid angle of the incident beam for the absorption evaluation is identical to the di- 
rection and solid angle (but opposite in sense) of the emitted beam for the emittance 
evaluation, and (2) for plane-polarized radiant energy with the plane of polarization at 

any given angle to the plane of measurement, provided that it is the same for the incident 
radiant energy for the absorption evaluation and the emitted radiant energy for the emit- 
tance evaluation. Even with these modifications, eq. (2.3-4) applies strictly only provided 
the spectral composition of the incident radiant energy for the absorptance is that of black- 
body radiant energy at the temperature of the specimen. This would appear to impose 

a severe restriction on the general applicability of eq. (2.3-5). However, it can also 

be shown that eq. (2.3-4) applies to any small wavelength band, as well as to total black- 
body radiant energy. The properties of reflectance, absorptance, and transmittance 

do not vary with the amount of incident radiant energy until very high flux densities are 
reached. Within the narrow wavelength band used in measuring spectral thermal radi- 
ative properties the spectral distribution of radiant energy from almost an, thermal source 
is approximately the sarne as that from a blackbody radiator at the temperature of the 
specimen. Also, polarization effects are completely absent for normally incident radiant 
energy and are negligible at angles near the normal. Hence eqs. (2.3-4) and (2. 3-5) 

can be considered valid for normal spectral properties and can be used to convert normal 
hemispherical reflectance to normal emittance with but little error. 


2.4. Fresnel Equations for Specular Reflection 


When an electromagnetic wave in vacuum is incident on the plane surface of an 
optically homogeneous specimen, interaction of the wave with the material of the spec- 
imen will occur. The electrical and magnetic properties of the specimen will be different 
from those of the vacuum, and as a result, there may be a change in the direction of 
propagation of the wave, its velocity, amplitude, wavelength, and phase, and it may be 
separated into two portions, one reflected and one transmitted. The transmitted portion 
will be partially or totally absorbed. The only property of the wave that never changes 
is its frequency. 


Similar changes in the wave will occur whenever it is incident on an interface 
between two media of different properties. The changes can be computed from the prop- 
erties of the material, or the differences in properties on the two sides of the interface, 
and from the direction of propagation of the wave relative to the interface and the direc- 
tion of its plane of polarization relative to the plane containing the direction of incidence 
and the normal to the interface at the point of incidence. 





12 


The optical properties describe the interaction of an electromagnetic wave with 
matter in terms of phase and amplitude, while the thermal radiative properties describe 
the energy transfer during the interaction. It is obvious that the two types of properties, 
optical and thermal radiative, are related. In some cases the relationships are simple. 


One situation in which the relation is not simple is that for the general case of 
a wave incident on an interface. By solving the Maxwell equations for the boundary con- 
ditions, the Fresnel relations for specular reflection can be derived. The specular 
reflectance at the interface (fraction of incident flux reflected in the direction of mirror 
reflectance) is given as [see pp. 17 and 18 of A00012] 


2 2. 2 
p,(6) _ Q?+ P? - 2Q cos 6+ cos? 8 (2.4-1) 


Q? + P?+ 2Q cos 6+ cos? 8 


24 p2 — i + 2 2 - 
p,(@) = p,(6) 2 P? - 2Q sin 9 tan @+ sin? 6 tan? 6 (2.4-2) 
P Q’+ Pp2+ 2Q sin @ tan 6+ sin? @ tan? 0 
where 

1/2 

2Q2 = [(n? - k? - sin? 6)? + 4n7k?] + (n? - k? - sin? 6) (2.4-3) 
1/2 

2p? = [(n? - k? - sin? 6)?+ 4n’k?]_ = (n? - k? - sin? @) (2.4-4) 


The angle 6 is the angle between the incident ray and the normal to the interface, Pp. is 
the reflectance for plane-polarized incident radiant energy with its plane of polarization 
normal to the plane of incidence (the plane containing the incident ray and the normal 
to the interface at the point of incidence), p p is the reflectance for plane-polarized in- 
cident radiant energy with its plane of polarization parallel to the plane of incidence, 

n is the refractive index, and k is the absorption index. 


If the incident radiant energy is completely unpolarized 
ae = 
p(@) => [o,(8) + ,(6)1. (2.4-5) 


For an opaque material the directional absorptance can be found and using 
Kirchhoff's law, eq. (2.3-4), the directional emittance can be found for the polarized 
components 


€,(8) =0,(8) = 1 - p,(8) (2.4-6) 
€9(8) =0,,(8) = 1 - p,(6) (24-7) 
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and also for unpolarized light 
€ (8) = a(6) = 1 - p(@) (2.4-8) 


The Fresnel eqs. (2.4-1) and (2.4-2) have been expressed in terms of n and 
k, but the relations are found in various forms in the literature. The simplest case 


occurs for normal incidence (6 = 0), where the equations reduce to 
Pp(0) = p,(0) (2. 4-9) 


an] 


Hence, for radiant energy incident from vacuum or a medium of index of refraction of 
1, 
= 24 K2 
p(0) (m= det ke (2.4-11) 


(n+ 1)2+ k? 


2.5. Thermal Radiative Properties of Metals 


a. General Behavior 


The general behavior of the thermal radiative properties of metals is shown in 
Figure 2. For thicknesses greater than several hundred angstroms, metals are opaque, 
that is, they show zero transmittance for all wavelengths. The reflectance rises in the 
region of 1-2 ym to a large value which has a slightly increasing s}ope. The emittance 
and absorptance decrease rapidly in the region of 1-2 ym reaching a low value with a 
slight negative slope. 


b. Classiccl Free-Electron Theory 


The theoretical models for ideal metallic surfaces leads to help in predicting 


some thermal radiative properties. 


The earliest attempts to predict the optical properties of metals were made by 
Lorentz, Drude [T20117], Kronig [A00023], and Mott and Zener [A00022] , who assumed 
the metal to contain electrons which were essentially free to move under the influence 
of the electric field induced by the incident electromagnetic wave. These free electrons 
are the valence electrons in the outer shell of the atoms constituting the metal, When 
the wave is incident upon its surface, an oscillating electric field parallel to the surface 
is induced in the metal and the free electrons will oscillate under the influence of this 
field at the frequency of the incident wave. There is a phase difference between the 
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Figure 2. Typical behavior of thermal radiative properties of metals. 
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oscillation of the electrons and that of the field, caused by a viscous damping force 
arising from collisions between accelerated electrons and the atomic lattice. To des- 
cribe the optical behavior of the material requires two parameters: the number density 
of free electrons, N, being excited by the induced field, and the average time (relaxa- 
tion time, T) between collisions of the electron with the atomic lattice. These two 
parameters can be estimated from the number of valence electrons per unit volume, 
the electrical conductivity and the assumption of a spherical Fermi surface. This is 
called the Drude Free Electron mcdel, and is shown in Table 1 expressing the complex 
dielectric constant, K*, as a function of the two parameters N and r. See the List of 


Symbols for the meaning of other symbols. 


If the phase change arising from electronic collisions can be neglected, the model 
describing the optical behavior of the material is greatly simplified. This situation occurs 
when the relaxation time is zero or when the time betweer electronic collisions is much 
less than the period of the induced electric field. For this condition, the optical behavior 
can be completely described by one material parameter - the dc electrical resistivity, 

r. Table 1 presents the resulting model for the complex dielectric constant, labeled 
the Simplified Drude Free Electron model. 


This simplified model for the ontical constants serves as the basis for relations 
used to compute the thermal radiative properties of materials from knowledge of the 
electrical resistivity (or conductivity) -as a function of temperature. If the appropriate 
relation between the complex dielectric constant, K**, and €(0; A) is used with the sim- 
plified Drude model, the normal spectral emissivity can be expressed as a function of 


the electrical resistivity, r, in the series form 


1/2 


€(0; A) = 0.365(r/Ad) - 0.0464(r/X) +... (2.5-1) 


Table 1. Classical Models for the Optical Properties of Metals (MKS Units) 





Drude Free Electron. Assumes the S14) 
metal contains free electrons which Ke =1- ( x» ) J : ds = 2He 
are subjected to an oscillating elec- do! 4 POs es ae A iA 
tric field and a viscous damping (A/1) mmc’e 
force proportional to the velocity dy = I> 2 | 
of the electrons arising from col- q’?N 


lisions between accelerated electrons 
and the atomic lattice. 


Simplified Drude Free Electron. 
Drude theory valid for long wave- K* = -j Xr 
lengths where currents in the metal 
are in phase with electric field. 
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where the units are r(ohm-m) and A(m). This celebrated relation is frequently referred 


to as the Hagen-Rubens relation. 


From the above ciscussions, the assumptions used to derive this basic model 
limit the Hagen-Rubens -elation to long wavelengths (usual!; beyond 10 ym) and high 
temperatures for meta!s in which the electronic structure can be approximated by one 
class of free electrons as the current carriers. This relationship has found extensive 


use in engineering applications. 


An equation that can be used for the short wavelength region is developed by 
introducing a resonant wavelength into the denominator 


1/2 








(050) =A! (SF) ue 
where A’ and B' are adjustable parameters. For metals, the resistivity is connected 


with temperature as 


/ 


r =r, (1+ p(T - 293)] (2. 5-3) 


where r, is the resistivity of the metal at 293 K and 8 is the temperature coefficient of 
the resistivity. Alternatively, the resistivity can be connected to the temperature by 
means of a power series 


r=A'+B' 14C' T?+D' T3 (2.5-4) 


Using eq. (2.5-3) in eq. (2.5-2), the Hagen-Rubens equation becomes 


3 
c(o,a) = Aen [Le@CT- 2900)", Pe Ber-2091] ,p [Le BTe20a aa, 5.5 


where A, B, C, D, and A, are adjustable parameters. By finding the normal spectral 
emittance, the normal spectral absorptance and reflectance can be computed from 
Kirchhoff's law, i.e. , 


a(0,r) =e€(0,A) (2. 5-6) 


and then, since « metal is opaque, the reflectance can be found from 


p(0,27,A) =1 - a(0,A) (2.5-7) 


c. Non-Jdeal Surfaces 


The preceding discussion of the theoretical models used to predict radiative 
properties applied to ideal surfaces. 


+B! ( r are (2.5-2) 
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It has been understood for many years that the surface condition of metallic 
specimens plays a dominant role in the magnitude of the radiative properties. The lit- 
erature abounds with examples of test surfaces shown to be very sensitive to methods 
of preparation, thermal history, and environmental ccnditions. Despite this awareness, 
descriptions of test surfaces are generally inadequate because of our modest understand- 
ing of the important mechanisms of real surface effects and how to properly characterize 


a surface, 


Topographical, chemical, and physical (structural) characteristics all influence 
the properties of the metallic surface. The topographical characteristics describe the 
profile or gcometry of the surface - the boundary between the material and the surround- 
ing medium. The chemical characteristics describe the composition of the surface layer 
including such features as inhomogeneities and contaminants. The physical character- 
istics describe the structure of the surface such as crystal lattice orientation, particle 
size, strain, and other features which might affect the radiant energy exchange process. 


To isolate the individual surface characteristics as outlined is a difficult task. 
For most materials it is not practical to alter one characteristic without causing an 
influence on another. The control of the many variables required to study surface char- 
acterization in a logical manner is a complex problem. As a result only the simplest 
of surface profiles or compositional effects have been studied or are understood. 


The most important influences on the radiative properties of metals arise from 
surface roughness and films (oxide growth). The effect is most pronounced on the spec- 
tral radiative properties when the characteristic profile variation or film thickness is 
of the same order as the wavelength of interest. For some situations a thin dielectric 
film has a more significant influence on emittance properties than does surface rough- 
ness of the same dimension. These changes in spectral properties are also apparent 
as changes in angular distribution of reflected or emitted energy. 


The influences of surface characteristics - topographical, chemical, physical - 
can be considerably dependent upon the energy spectrum of importance to the radiative 
property of interest. For example, the description of a surface for use as a room tem- 
perature absorber (5 <) <40 ym) will be quite different from that for a solar absorber 
(0.25<)<4 pm). Also the techniques required to study each will be quite different. 


The profiles of real metal surfaces are always shown as irregular patterns of 
peaks and valleys. Various parameters are in common use to describe the topography 
of a surface including RMS (root mean square) height, CLA (center line average) height, 
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lay, average slope, height distribution, etc. [A00021, T36500, A00020). Such parameters 
are obtained primarily from stylus-type profilometers and to some extent from interfer- 


ometry techniques. 


The effect of surface roughness on the optical properties of materials was first 
studied by Lord Rayleigh, but only rec::iitly has this problem been of intense interest. 
If the size of the irregularities is of the order of the wavelength or larger, the interac- 
tion can be described by geometrical optics [T33896]. inthis case, the facets of the 
surfaces reflect in various directions, and tie properties/orientation of the facets must 
be described by some statistical process in order to explain the optical behavior of the 
surface. If, however, the surface irregularities are much smaller than the wavelength, 


the optical behavior can be explained by diffraction phenomena. 


The diffraction problem was originally studied by Rice [A00019] and Davies {A00018] 
and their work was extended and experimentally verified by Bennett and Porteus ([T45929] . 
Their expression for the relative reflectance ratio of the rough, p, to smooth, py, sur- 


face at normal incidence is given as 
2 = exp [-(4M0/2)?] + 32m! (a/d)* (4.6)?/m (2. 5-6) 


where o is the RMS roughness, m is the RMS slope, and A@ is the half angle of acceptance 
of the optical system. The first term represents the coherently or specularly reflected 
fraction and the second term the incoherent or diffusely reflected term. The second 

term is shown proportional to (o/,)‘, and hence for longer wavelengths and smoother 
surfaces the first term predominates. 


2.6. Thermal Radiative Properties of Nonmetallic Solids 


a. General Behavior 


The typical behavior for a nonmetallic solid which is transparent with little 
scattering is shown in Figure 3. The transmittance rises sharply in the region of 1-2 
yum to a large constant value and drops sharply towards zero in the 8-9 ym region (the 
use of the 1-2 ym range and the 8-9 ym range is done only for illustrative purposes). 
Since the reflectance is of the order of 10% and decreases slowly in the entire range of 
interest, the emittance and absorptc.. ¢ show a behavior as if the transmittance were 
rotated 180° about the wavelength axis. The emittance decreases sharply in the 1-2 ym 
region, stays at a constant but low level and in the 8-9 ym region rises sharply to a level 
near 1.0. 
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Figure 3. Typical behavior of thermal radiative properties of a transparent 
non-scattering nonmetallic solid. 
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b. Partially Transparent Material - Multiple Reflection Model 


The simplest of the models to deal with the partially transparent nonscattering 
materials was developed by :-1cMahon [T20468]. The theory is limited to only the passage 
of radiant energy normal to the surface but is useful to the very common problem of inter- 
pretation of reflectance or transmittance spectra of a partially reflecting slab sample. 


Kirchhoff's law in its simplest form relates the spectral emissivity to spectral 


reflectivity of an opaque material as 
€(A,T) =1- e(d,T) (2.6-1) 


For a body which is partially transparent because of its low absorption coefficient and/or 
thickness, Kirchhoff's law cannot be applied directly. Recall that the law derives from 
the existence of an energy balance between the emission and absorption of a body in ther- 
mal equilibrium within a uniformly heated enclosure. When the body is opaque, the inci- 
dent flux is absorbed or reflected. Ifthe body is partially transparent, the incident flux 
is absorbed and a significant fraction appears as reflected and transmitted flux after 
having undergone many internal reflections. For the general expression of Kirchhoff's 
law it is necessary to include the influence of transmittance. 


McMahon shows the three measurable quantities emittance, reflectance, and 
transmittance are related to the single surface reflectance, R, and the internal trans- 
mittance, T, by the following expressions 


1-R 1-T(A 
EQ) = TROD TO) oie 


p(r) = R(d) [1+ POQLERON) 


1-R?(d) T2() ee 
< z 
ra) = T(,) —LERON (2.6-4) 
[1-R2(A) T?(A)] 
The summation of these three equations is unity: 
€(A) +p(A) +70) =1 (2.6-5) 


and this expression is the extension of Kirchhoff's law to partially transparent bodies. 


Also, the results fore, o, and t can be understood by considering a collimated 
beam of radiant flux incident normally on a semitransparent slab of thickness d and com- 
plex index of refraction n*, The incident flux upon first striking the interface is partially 
reflected and the balance passes through the interface. The reflected portion 








21 


R is computed from the Fresnel relations for normal incidence conditions 


nt =] 


71 (2.6-6) 


R= 


It is important to recognize that this reflectance, R, is based upon a single reflection. 
The remaining flux that passes through the interface will traverse the thickness of the 
slab while being absorbed and eventually reach the back side. In the course of travers- 
ing the thickness of the slab, the radiant flux is diminished by a factor ead where a 
is the absorption coefficient and d is the specimen thickness. It is convenient to define 


the internal transmittance, T, as 


ad 


Tz=e (2.6-7) 


which is the transmittance (frequently referred to as the transmissivity) within the 
material and is not affected by or inclusive of interface influences. Of the original flux 
striking the slab, the fraction (1-R)T has reached the near side of the slab upon first 
traversing the slab thickness. At this near interface, a fraction R is reflected and the 
balance passes through. This process of multiple reflection at the interfaces and tra- 
versing of the thickness must be considered to determine the overall transmittance and 
reflectance of the slab. Figure 4 represents the multiple processes occurring, giving 
the results 


2 as 2 
p=R[1+ 70-8!) (2.6-8) 
1- RT 
= 2 
T=T a-RY) (2.6-9) 
1- RT 


In terms of the single surface reflectance, R, absorption coefficient, a, and 
thickness, d, the relations are 


ae 2 -ad 
T= | (2.6-10) 
1-Re 


-2ad 
> e 1-R “| , 
p R [1+ <— ee (2.6-11) 
~ad 
c=q=it- 8) (t-e ) (2.6-12) 
1-Re 


The above equations hold for k << n where k is the absorption index (a= 49k/)). 
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Figure 4. The reflectivity and transmissivity of a semitransparent slab. 


A special case of the eqs. (2.6-10) through (2.6-12) is for the case of zero 
absorption (a~ 0). In that case 


€=a=0 (2. 6-13) 
fea (2.6-14) 
né+ 1 
= 2 
p= ae (2.6-15) 
né+ 1 


The extension of eq. (2.6-10) that holds for k not being less than n is [p. 14 of 
A00024] 


(1-R)2¢%4 (1 =) 


T= 
1- R e7 2ad 


c. Kodak Scheme 


Kodak has a method of calculating absorptance and reflectance from transmittance 
and refractive index data [E62600}. The energy impinging on a transparent slab is broken 


up into a reflected and transmitted beam. This is continued for three passes and the 
components added. The analysis is carried out in terms of the loss value factor, K, 


from which reflectance and absorptance are calculated. The value of the loss value factor 


in terms of the measured transmittance, T, and the single surface reflectance, R, is 
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1-T-2R(1-R+R? 


k= (2. 6-16) 
1 - 2R+ 4R? 
and 
p=R[1+ (1+)? (1-R)?] (2.6-17) 
qa=e =K (1 - KR) (2.6-18) 


d. Polymers 


Pregelhof, Franey, and Haas [T77125] use a one-dimensional model for polycarbonate 
plastics, and assuming uniform properties, the emittance ¢€(X), absorptance a(\), trans- 
mittance r(\), and reflectance p(X) of a polymer sheet can be derived as follows. 


ete zal 1-R) [(1+R) sinh ad + (1-R) (cosh ad-1 (2. 6-19) 
(1+R2) sinh ad +(1-R?) cosh ad 
-R)?2 
ey a ree ne) ee (2. 6-20) 
(1+R*) sinh ad + (1-R?) cosh ad 
BOO: = 2R [R sinh ad + (1-R) cosh ad] (2.6-21) 


(1+R?) sinh ad+ (1- R?) cosh ad 


where R = (n- 1)2/(n+1)? and n is the refractive index, dis the thickness of the sample, 
and a is the absorption coefficient. 


For the polycarbonate plastic bulk materials, it can be assumed that 
eM >> R2—7ad (2. 6-22) 
which enables eqs. (2.6-19) through (2.6-21) to become the following: 
-2ad 


€(d) =a(X) = (1-R) [1 - (1-R) e 84 - Re 284) (2. 6-23) 
T(r) = (1-R)2e 94 (2.6-24) 
p(d) = R [1+ (1- 2R) ae) (2.6-25) 


In a wavelength region when the material becomes opaque, i.e., T= 0, the 
absorptance can be obtained from 


a(A) = (1-R) 
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3. DATA EVALUATION AND GENERATION OF RECOMMENDED VALUES 


As a result of comprehensiv:: search of litcrature, numerous research documents 
of interest to this program are uncovered. These documents are procured and studied, 
from which pertinent data are extracted, scrutinized, organized, key-punched, homo- 
geneously tabulated, and plotted in huge working graphs readied for data analysis and 
synthesis. The information on specimen characterization and measurement methods 
and conditions is recorded in a table specially designed for recording measurement in- 
formation, which includes (to the extent provided in the original source document) the 
following: 

(1) Purity, chemical composition, dopant concentration, carrier concentration, 
defect concentration. 

(2) Type of crystal, crystal axis orientation. 

(3) Microstructure, grain size, inhomogeneity, additional phases. 

(4) Specimen shape and dimensions. 

(5) Method and procedure of fabrication. 

(6) Manufacturer and supplier, stock number, catalog number. 

(7) Heat, mechanical, irradiative, and other treatments. 

(8) Surface conditions. 

(9) Film thickness and substrate material. 

(10) Test environment, degree of vacuum or pressure. 

(11) Experimental method used in the measurement. 

(12) Reference standard used in data observation or reduction. 


(13) Form in which data are presented in the original source document other 
than tabular data. 


(14) Other pertinent remarks. 


Due to the difficulties in accurate measurement of thermal radiative properties 
of materials and in exact characterization of test specimens and surface conditions, the 
available experimental data extracted from various research documents are usually widely 
divergent and subject to large uncertainty. Data evaluation and analysis is therefore 
very important. The procedure involves critical evaluation of the validity and reliability 
of the data and related information, resolution and reconciliation of disagreements in 
conflicting data, correlation of data in terms of various controlling parameters, curve 
fitting with theoretical or empirical equations, comparison of results with theoretical 
predictions or with results derived from theoretical relationships or from guneralized 
empirical correlations, etc. Besides critical evaluation and analysis of existing data, 
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theoretical methods and semiempirical techniques are employed to fill data gaps and 
to synthesize fragmentary data so that the resulting recommended values are internally 
consistent and cover as wide a range of wavelength or temperature as possible. 


Depending upon the level of confidence the data analyst has placed on the values 
and upon the degree of completeness of characterization of the test material and surface 
conditions for which the values are generated, the values are designated as "recommended 
values", "provisional values", or "typical values". In this report, all the values gener- 
ated have been properly designated, and the accuracy or uncertainty of the values clearly 
stated. 
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4. THERMAL RADIATIVE PROPERTIES OF SELECTED MATERIALS 


In each of the following subsections the thermal radiative property date and 
information for each dependence of each subproperty of each material are presented in 
the following order: (1) discussion text, (2) table of recommended values, (3) figure 
of recommended curves, (4) figure of experimental data, (5) table of measurement in- 


formation, and (6) table of experimental data. 


In the discussion text, a review and discussion of the available data and information 
for the particular dependence of the particular subproperty of the material is given, to- 
gether with a discussion of the theoretical guidelines and other factors on which the critical 
evaluation, analysis, and synthesis are based and of the considerations involved in arriv- 


ing at the final assessment and recommendations. 


In the table of recommended values, the values are tabulated with small increments 
in temperature or wavelength so that linear interpolation of values is meaningful. The 
recommended values cover the spectrum from visible region (below 1 ym) up to the in- 
frared of 15 ym, whenever possible. Those values as a function of temperature are, 
whenever possible, tabulated for four particular gas-laser wavelengths: 2.8 ym (hydro- 
gen fluoride laser), 3.8 ym (deuterium fluoride laser), 5.0 ym (carbon monoxide laser), 
and 10.6 ym (carbon dioxide laser). The values may be designated as recommended, 
provisional, or iypical values. The accuracy or uncertainty of the values is stated in 
the discussion text. In this report, the ranges of uncertainties of recommended, pro- 
visional, and typical values are less than + 15%, between +15% and +30%, and greater 
than + 30%, respectively. 


In the figure of recommended curves, experimental data (sometimes selected) 
are also shown as background for comparison. The curves and data are plotted only 
up to 14 ym, even though the recommended values or available experimental data may 
exist above 14 ym. Those values or data above 14 ym not shown in the figure can always 
be found in the table. 


In the figure of experimental data, similarly, data in the wavelength range above 
14 ym are not shown. They are, however, tabulated in the experimental data table. 
Corresponding to each set of data plotted in the figure and tabulated in the experimental 
data table, the information on the specimen characterization and measurement method 
and condition is given in the table of measurement information. 


Since most of the selected materials are not well known, a concise description 
of each of the materials is given at the beginning of each of the subsections. 
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4.1. Aluminum Alloy 2024 


Aluminum Alloy 2024, formerly known as Aluminum Alloy 24S, is a wrought alloy 
with copper as the principal alloying element. Its nominal composition [A00005] is (by 
weight) 4.5% Cu, 1.5% Mg, 0.6% Mn, and balance Al. 


Some physical [T15906] and mechanical properties [A00006] of this material are 
as follows: solidus temperature, 775 K; liquidus temperature, 911 K; specific gravity, 
2.77; tensile (ultimate) strength, 19.0-51.0 kg/mm?; Brinell hardness number (500 
kg load, 19 mm ball), 47-130. These properties vary over a wide range due to differ- 


ences in applied heat treatments. 


In the heat treated condition, the mechanical properties of this alloy are similar 
to, and sometimes exceed, those of mild steel. This heat treatment is specified by a 
letter "T" after the 2024 designation. The "T", followed by the numerals 1-10, inclu- 
sive, designates one specific combination of basic treatments, thus Aluminum Alloy 2024-T4. 
Briefly, these heat treatments are broken down as follows [A00006] : 

T1 - cooled from an elevated temperature shaping process and naturally aged 

to a substantially stable condition. 
T2 - annealed (cast products only) 


T3 - solution heat-treated and then cold worked 
T4 - solution heat-treated and naturally aged to a substantially stable condition 
T5 - cooled from an elevated temperature shaping process and then artificially 


aged 

T6 - solution heat-treated and then artificially aged 

T7 - solution heat-treated and then stabilized 

T8 - solution heat-treated, cold worked, and then artificially aged 

T9 - solution heat-treated, artificially aged, and then cold worked 

T10 - cooled from an elevated temperature shaping process, artificially aged, 

and then cold worked. 

Each of these thermal treatments [A00005) has a unique effect on the mechanical 
properties of the alloy. The symbol does nut define the time and temperature of the ther- 
mal treatments; the details of the practice may be varied as desired or convenient if the 
end result as expressed by specified mechanical properties is unchanged. Should varia- 
tion of the same basic operation be applied to the same alloy, resulting in different char- 
acteristics, other digits are added to the basic designation (Aluminum Alloy 2024-T81 
or Aluminum Alloy 2024-T851). The second and third numbers in the heat treatment 
designation are arbitrary numbers, generally having no logical significance. With the 
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older nomenclature the specific heat treatments were not catalogued as above. An alloy 
may be described as Aluminum 24S-T, where the T only means that the material was 


tempered to a stable condition. 


This alloy does not have as good corrosion resistance properties as most other 
aluminum alloys and under certain conditions may be subjected to intergrannular corro- 
sion. Therefore, it is widely used in the clad, anodized, or alodined states. In the clad 
|A00006] state the 2024 Aluminum Alioy is protected fiom corrosion by a thin surface 
of pure metal or an alloy with u higher solution potential than Aluminum Alloy 2024. 

In this report the term alclad was assumed to have meant the cladding material was pure 
aluminum, The anocizing [A00005] process involves forming a conversion coating on 
the metal surface by anodic oxidation. Alodining is also a conversion coating, with the 
coating being some other type of material such as a phosphate or chromate. These pro- 
cesses greatly increase Aluminum Alloy 2024's resistance to corrosion. 


In this report data is actually reported for four different types of Aluminum Alloy 
2024 for different subproperties. These types are as follows: Aluminum Alloy 2024 
(either heat-treated or not heat-treated), alclad Aluminum Alloy 2024, alodined Aluminum 
Alloy 2024, and anodized Aluminum Alloy 2024. The provisional values for alclad Alum- 
inum Alloy 2024 are from theoretical calculations using the relation discussed in subsection 
4.20, based on Eq. (2.5-5), to calculate normal spectral reflectance. The data given 
for this alodined Aluminum Alloy 2024 is for a chromate conversion coating applied to 
the specimen. So, likewise, the provisional curves for the alodined specimen are for 
this same chromate coating. For the anodized specimen, the surface is actually a layer 
of aluminum oxide. Therefore, the provisional curves are for this same type of specimen. 


No data was located for the following subproperties of aluminum alloy 2024: 
HSE(T), NSE(T), ASE(\), ASE(T), HSR(A), HSR(T), NSR(T), ASR(T), HSA()), 
HSA(T), ASA(\), and ASA(T). 

Data in the data tables also includes data for grooved surfaces of Aluminum Alloy 
2024 for the subproperties ASR()) and NSR(A). These data points are not plotted but 
are included in the report. 


Aluminum Alloy 2024 is perhaps the best known and most widely used aircrait 
alloy. 


a. Normal Spectral Emittance (Wavelength Dependence) 


There are seven sets of experimental data available for the wavelength dependence 


(0.12-27.0 ym) of the normal spectral emittance of Aluminum Alloy 2024 under various 





29 


surface conditions. These are listed in Table 1-3 and shown in Figures 1-2 and 1-5. 


(1) Highly Polished Aluminum Alloy 2024 


The recommended values listed in Table 1-1 and shown in Figure 1-1 for highly 
polished Aluminum Alloy 2024 were generated from the absorptance data reported by 
Schriempf and Wieting [A00003] and are believed to be accurate to + 104 over the entire 
wavelength range at 293 K. 


(2) Highly Polished Alclad Aluminum Alloy 2024 


The recommended values listed in Table 1-1 and shown in Figure 1~3 for highly 
polished alclad Aluminum Alloy 2024 were generated with the relation discussed in sub- 
section 4,20, based on Eq. (2.5-5), and are believed accurate to + 10% at the reported 
wavelength range at 293 K. These values are consistent with the normal spectral reflec- 
tance data of Grimm and Fannin (A00001] on a similar material. Provisional values at 
450, 600, and 750 K tabulated in Table 1-1 and shown in Figure 1-3 were calculated with 
the relation discussed in subsection 4,20, based on Eq. (2.5-5), and are believed accurate 
to + 20% over the entire wavelength region for a highly polished (ideal) surface. 


(3) Oxidized Aluminum Alloy 2024 


Provisional values at 823 K listed in Trble 1-1 and shown in Figure 1-4 were 
generated from the data of Blau, et al. [T16606] and are believed accurate to + 20% over 
the entire wavelength range. 
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b. Normal Spectral Emittance (Temperature Dependence) 


There are no experimental data located in the literature. The provisional values 
tabulated in Table 1-4 and shown in Figure 1-6 were calculated with the relation discussed 
in subsection 4.20, based on Eq. (2.5-5), for highly polished alclad Aluminum Alloy 


2024 for wavelengths of 2.8, 3.8, 5.0, and 10.6 ym. These values are believed accurate 
to +20% over the entire wavelength range. 
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c, Angular Spectral Emittance (Wavelength Dependence) 


There are no data available fcr this subproperty but the provisional values listed 
in Table 1-5 and shown in Figures 1-7, 1-8, and 1-9 for anodized, alodined (@= 15°), 
and alodined (6=45°) Aluminum Alloy 2024, respectively, were calculated from the angular 
spectral reflectance data (see Section4.1.f). These values are believed accurate to 4 15% 
over the entire wavelength range for the anodized and alodined Aluminum Alloy 2024 (6= 
15°) materials at 293 K. The provisional values for alodined Aluminum Alloy 2024 (@=45°) 
are accurate to +20%. 


There are several methods which can be used to produce an anodized surface. 
The angular spectral emittance can vary widely with the anodizing process, i.e., porous 
or hard, secondary treatments such as sealing or dying of the surface layer, and thick- 
ness. Most of the authors do not clearly specify the nature of the anodizing process or 
surface conditions. So the provisional values reported in Table 1-5 are applicable only 
to the sulfuric acid anodized surface. Similarly, there are several alodining processes. 
Depending on this process the angular spectral emittance may vary. The provisional 
values apply only to the chromate conversion coating used in the references. 
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d. Normal Spectral Reflectance (Wavelength Dependence) 


There are 47 sets of experimental data available for the wavelength dependence 
(= 0. 3-25.0 pm) of the normal spectral reflectance of Aluminum Alloy 2024 under var- 
ious surface conditions. These are listed in Table 1-8 and most of them are shown in 
Figure 1-11. There are four sets of experimental data available for wavelength depend- 
ence () = 2.0-15.0 ym) of the normal spectral reflectance of polished alclad Aluminum 
Alloy 2024 shown in Figure 1-13. Out of the total 47 data sets, 15 sets are for a polished 
material. Most of the measurements are for wavelengths between 0. 3-3.0 ym. 


(1) Highly Polished Aluminum Alloy 2024 


The recommended values at 293 K listed in Table 1-6 and plotted in Figure 1-10 
are primarily from the investigation of Schriempf and Wieting [A00003] and are believed 
to be accurate to + 10% over the entire wavelength range. These values are consistent 


with the normal spectral emittance measurements of the similar material. 


(2) Alclad Aluminum Alloy 2024 


There are four sets of data for the wavelength dependence (2.0-14.7 ym) of the 
angular spectral reflectance of alclad Aluminum Alloy 2024. These are shown in Figure 
1-13 and listed in Table 1-8. The incident angle reported is 15°. The normal spectral 
reflectance values for an ideal aluminum surface calculated using the relation discussed 
in subsection 4,20 and based on Eq. (2.5-5) agree extremely well with experimental 
results. These recommended values are believed accurate to + 10% over the entire wave- 
length range. T]:e provisional values for highly polished alclad Aluminum Alloy 2024 
reported at 450, 600, and 750 K shown in Figure 1-12 and listed in Table 1-6, were calcu- 
lated from the relation discussed in subsection 4.20, based on Eq. (2.5-5). These values 
are believed accurate to + 20%, 


(3) Oxidized Aluminum Alloy 2024 


The provisional values listed in Table 1-6 and shown in Figure 1-14 are for 
oxidized Aluminum Alloy 2024 at 823 K. These values are consistent with the provisional 
normal spectral emittance values (see Section 4.1a). These values are believed accurate 
to + 20%, 
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e. Normal Spectral Reflectance (Temperature Dependence) 
There are no experimental data available. The provisional values listed in Table 
1-9 and shown in Figure 1-15 are from the relationship discussed in subsection 4.20 
and based on Eq. (2.5-5) for highly polished alclad Aluminum Alloy 2024 assuming that 
aluminum is the cladding material for wavelengths of 2.8, 3.8, 5.0, and 10.6 ym. These 


values are believed accurate to + 20%. 
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f. Angular Spectral Reflectance (Wavelength Dependence) 


There are 191 sets of experimental data for various surface conditions of Aluminum 
Alloy 2024. Of these sets 111 are for grooved surfaces by Zipin [T39074] which are 
included in the report us additional information. The analysis includes two types of Alu- 
minum Alloy 2024, anodized and alodined. 


There are seven sets of experimental data for anodized Aluminum Alloy 2024 and 
four sets of experimental data for alodined Aluminum Alloy 2024, both with the angle of 
incidence equal to 15°. For the alodined Aluminum Alloy 2024, there is one set of ex- 
perimental data available for an incidence angle of 45°. 


(1) Anodized Aluminum Alloy 2024 


The experimental data sets are shown in Figure 1-17 and listed in Table 1-12. 
The provisional values for temperature 293 K are given in Table 1-10 and shown in Figure 
1-16 and are considered accurate to within + 15% over the entire wavelength range at 293 K. 
These values show the absorption peaks near wavelengths 0.8, 2.9, 6.0, 9.9, and 11.0 ym 
and these values are considerably lower than those for polished alclad Aluminum Alloy 
2024 and alodined Aluminum Alloy 2024 for wavelengths above 5.5 ym. These provisional 
values apply only to the surface conditions cited in references, see Section 4,1c. 


(2) Alodined Aluminum Alloy 2024 


The experimental data sets are shown in Figure 1-19 and listed in Table 1-12 for 
an incidence angle of 15°, The provisional values at 293 K, shown in Figure 1-18 and listed 
in Table 1-10 are primarily from the investigations of Grimm and Fannin [A00001]. These 
are considered accurate to within + 15% over the entire wavelength range. These values 
show absorption peaks near wavelengths 3.1 and 4.8 ym. The experimental data set is 
shown in Figure 1-21 and listed in Table 1-12 for an incidence angle of 45°, The pro- 
visional values of angular spectral reflectance from the investigation of Grimm and Fannin 
[A00001] are accurate to within + 20% over the entire reported wavelength range. These 
values also show absorption peaks near wavelengths 3.1 and 4.8 ym. The provisional 
values apply only to the surface conditions cited in references, see Section 4,1c. 
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g. Angular Spectral Reflectance (Incident Angle Dependence) 


Room temperature values of the angular spectral reflectance for wavelengths 
1.2 ym and 1.8 ym as a function of incidence angle are listed in Table 1-14 and shown 
in Figure 1-22. 
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h. Normal Spectral Absorptance (Wavelength Dependence) 


There are two sets of experimental data available for the wavelength dependence 
(2. 53-20. 0 ym) of the normal spectral absorptance of Aluminum Alloy 2024 for polished 
surface conditions. These are listed in Table 1-17 and shown in Figure 1-24. 


(1) Highly Polished Aluminum Alloy 2024 


The recommended values at 293 K listed in Table 1-15 and shown in Figure 1-23 
for highly polished Aluminum Alloy 2024 were gererated from the measurements of 
Schriempf and Wieting [A00003] and are believed accurate to + 104 over the entire wave- 
length range. 


(2) Highly Polished Alclad Aluminum Alloy 2024 


The recommended values at 293 K are listed in Table 1-15 and shown in Figure 
1-25 for highly polished alclad Aluminum Alloy 2024. These values were generated with 
the relationship discussed in Section 4.20, based on Eq. (2.5-5), and are believed accu- 
rate to + 10% over the entire wavelength range. The provisional values for highly polished 
alclad Aluminum Alloy 2024 were calculated for temperatures of 450, 600, and 750 K by 
the relationship discussed in Section 4.20, based on Eq. (2.5-5), are listed in Table 
1-15 and shown in Figure 1-25 and are believed accurate to + 20% over the entire wave- 
length range. 


(3) Oxidized Aluminum Alloy 2024 


The provisional values are listed in Table 1-15 and shown in Figure 1-26 for 
oxidized Aluminum Alloy 2024 at 823 K. These values are consistent with the normal 
spectral emittance values of Blau, et al. (T16606] and are believed accurate to 420% over 
the entire wavelength range. 
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i. Normal Spectral Absorptance (Temperature Dependence) 


There are two sets of experimental data available for the temperature dependence 
(325-593 K) of the normal spectral absorptance of Aluminum Alloy 2024. These are 
listed in Table 1-20 and shown in Figure 1-28, This available data was not sufficient to 
generate recommended values, but values were calculated by the relation discussed in 
subsection 4.20, based on equation (2.5-5), for highly polished alclad Aluminum Alloy 
2024 for wavelengths of 2.8, 3.8, 5.0, and 10.6 ym. These values are believec accurate 
to +20% over the entire wavelength range and are listed in Table 1-18 and shown in 


Figure 1-27. 
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j. Angular Spectral Absorptance (Wavelength Dependence) 


There are no experimental data available for this subproperty but provisional 
values are listed in Table 1-21 and shown in Figures 1-29, 1-30, and 1-31 for anodized, 
alodined (@ = 15°), and alodined (@ = 45°) Aluminum Alloy 2024, respectively. These 
were calculated from the provisional angular spectral reflectance data listed in Table 1-10 
and shown in Figures 1-16, 1-18, and 1-20. The values are believed accurate to + 15% 
over the entire range for the anodized and alodined (@ = 15°) Aluminum Alloy 2024 mater- 
ials at 293 K. The alodined (6 = 45°) Aluminum Alloy 2024 provisional values are accur- 
ate to +20%. These values apply only to the surface conditions cited in references, see 


Section 4, 1~c, 
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k. Transmittance 


Although it is true that metals and alloys in the form of extremely thin films may 
be transparent for a wide wavelength range, they are opaque if the thickness is greater 
than several hundred angstroms. 


As an aircraft/spacecraft structural material, this alloy is not used in the form 
of extremely thin films and therefore is opaque; that is, its transmittance is zero. 
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4.2. Aluminum Alloy 7075 


Aluminum 7075, formerly known as aluminum alloy 75S is a wrought alloy with 
zine as the principal alloying element. Its nominal composition (by weight) is: 5.5% 
Zn, 2.5% Mg, 1.5% Cu, 0.3% Cr, and Al balance [A00005]. Various properties and 
usage of this alloy is discussed in [T15906] and [A00005]. 


In the solution-heat treated condition, this alloy is designated as 7075-T6. It 
is among the highest strength aluminum alloy which is commonly used in the aircraft 
structural parts. This alloy is also available in clad state. 


Some physical and mechanical properties [A00005] of this alloy are as follows: 


Liquidus temperature: 911K 
Solidus temperature: 749 K 
Density at 293 K: 2.80 gcm~ 


Room-temperature tensile (ultimate) strength: 23 kg mm~ (for annealed alloy) 
58 kg mm™~ (for 7075-T6) 


Brinell hardness number: 60 (for annealed alloy) 
(500 kg load, 10 mm ball) 150 (for 7075-T6) 


a. Normal Spectral Emittance (Wavelength Dependence) 


There are seven sets of experimental data available for the wavelength dependence 
(0.3-27 pm) of the normal spectral emittance of Alurninum Alloy 7075 under various 
surface conditions. These are tabulated in Table 2-3 and shown in Figure 2-2. 


(1) Aluminum Alloy 7075 


The recommended values tabulated in Table 2-1 and shown in Figure 2-1 for 
Aluminum Alloy 7075 with surface roughness of about 0. 0005-0. 0006 ym are primarily 
from the investigations of Schocken [T29202]. These are considered accurate to within 
+15% over the entire wavelength range. 


(2) Aluminum Alloy 7075-T6 


The recommended values tabulated in Table 2-1 and shown in Figure 2-1 for 
Aluminum Alloy 7075-T6 rolled sheet were calculated from the normal spectral reflec- 


tance data (see Section 4.2.c). 
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b. Angular Spectral Emittance (Wavelength Dependence) 


There are six sets of experimental data available for the wavelength dependence 
(0. 3-15 ym) of the angular spectral emittance of Aluminum Alloy 7075-T6 for an inci- 
dence angle, @=25°. These values are tabulated in Table 2-6 and shown in Figure 2-4. 


The recommended values tabulated in Table 2-4 and shown in Figure 2-3 for 
Aluminum Alloy 7075-T6 with surface roughness of about 0.0005-0.001 ym and the inci- 
dent angle, @=25°, are primarily from the investigation of Edwards and Catton ([T38391] . 
These values are considered accurate to within + 15% over the entire wavelength range. 
The angular spectral reflectance values for the similar material, but sandblasted with 
silicon carbide, are considerably higher than the values reported in Table 2-4. It is 
worth noting that Edwards and Catton [T38391] consider their values as the normal spec- 
tral emittance rather than the angular spectral emittance. Therefore, tabulated values 
from Table 2-4 may be applicable for the normal spectral emittance. 
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c. Normal Spectral Reflectance (Wavelength Dependence) 


There are no experimental data sets available for Aluminum Alloy 7075, however 
only one set of experimental data is available for the wavelength dependence (2. 8-15. 0 ym) 
of the normal spectral reflectance of Aluminum Alloy 7075-T6 alloy. This is tabulated 
in Table 2-9 and shown in Figure 2-6. 


(1) Aluminum Alloy 7075 


The recommended values tabulated in Table 2-7 and shown in Figure 2-5 are for 
Aluminum Alloy 7075 with surface roughness of about 0.0005-0.0006 ym. These values 
calculated from the normal spectral emittance data (see Section4.2.b) are considered 
accurate tc about + 15% over the entire wavelength range. 


(2) Aluminum Alloy 7075-T6 


The recommended values tabulated in Table 2-7 and shown in Figure 2-5 for 
Aluminum Alloy 7075-T6 clad sheet are primarily from the investigation of Cunnington 
[A00027]. These values are considered accurate to within + 15% over the entire tem- 
perature range. 
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d. Angular Spectral Reflectance (Wavelength Dependence) 


There are no experimental data available for this subproperty. The recommended 
values for Aluminum Alloy 7075-T6 with surface roughness 0. 0005-0. 001 jm and incidence 
angle, 6=25°, are calculated from the recommended values of the angular spectral emit- 
tance (see Section 4.2.b). These values tabulated in Table 2-10 and shown in Figure 2-7 
are considered accurate to within + 15% over the entire wavelength range. As discussed 
in Section 4.2.b, these values may be applicable for the normal spectral reflectance. 
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e. Normal Spectral Absorptance (Wavelength Dependence) 


There are no experimental data available for this subproperty. 


(1) Aluminum Alloy 7075 


The recommended values tabulated in Table 2-11 and shown in Figure 2-8 are 
for Aluminum Alloy 7075 with surface roughness of about 0.0005-0.0006 um. These 
values calculated from the recommended values for the normal spectral emittance tabu- 
lated in Table 2-1 are considered accurate to about + 15% over the entire wavelength range. 


(2) Aluminum Alloy 7075-T6 


The recommended values tabulated in Table 2-11 and shown in Figure 2-8 are 
for Aluminum Alloy 7075-T6 clad sheet. These values calculated from the normal spec- 
tral emittance data tabulated in Table 2-1 are considered accurate to about + 15% over 


the entire wavelength range. 
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f. Angular Spectral Absorptance (Wavelength Dependence) 


There are no experimental data available for this subproperty. The recommended 
values tabulated in Table 2-12 and shown in Figure 2-9 are for Aluminum Alloy 7075-T6 
with surface roughness of about 0.0005-0.001 ym, and incidence angle, @ = 25°. These 
values calculated from the recommended values tabulated in Table 2-4 are considered 
accurate to about + 15% over the entire wavelength range. As discussed ir Section 4.2.b 
these values may be applicable for the normal spectral absorptance. 
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g. Transmittance 


Although it is true that metals and alloys in the form of extremely thin films may 
be transparent for a wide wavelength range, they are opaque if the thickness is greater 
than several hundred angstroms. 


As an aircraft/spacecraft structural material, this alloy is not used in the form 
of extremely thin films and therefore is opaque: that is, its transmittance is zero. 
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4.3. AISI 304 Stainless Steel 


The family of steel known as "stainless steel'' covers an exceptionally wide range. 
About 35-40 different combinations of ingredients have been used by various manufacturers. 
Primarily all stainless steels have a base alloy of Fe and Cr. The nominal composition 
of 8.8. 304 is (18-20%) Cr, (8-12%) Ni, 2% Mn, 1% Si, 0.08% C, and Fe balance. The 
composition of s.s. 304-L type is essentially the same except the composition of carbon 
is lowered to 0.03%. 


Chromium, when added in excess of 10%, makes alloy heat and corrosion resistance. 
Other elements are added to obtain special characteristics. The most important of these 
in the case of stainless steel is nickel which increases its corrosion resistance and work- 
ability of the alloy. This addition causes a structural change which is known as austenitic 
which makes the alloy nonhardenable and nonmagnetic. It is possible to weld AISI 304 
stainless in moderate thickness without subsequent heat treatment to restore corrosion 
resistance, whereas 304-L variety, due to its low carbon content, has lower hazard of 


carbide precipitation after welding or annealing. 


Various properties and uses of this alloy are discussed in detail in[A00005]. Some 
of the physical properties can be summarized as follows: 


Density: 7.9gem~3 
Melting range: 1670-1727 K 
Electrical resistivity: 72 pQ cm 


at room temperature 
Modulus of elasticity in tension: 28 x 10° psi 
Modulus of elasticity intorsion: 12.5 x 10° psi 


a. Normal Spectral Emittance (Wavelength Dependence) 


There are 31 sets of experimental data available for the wavelength dependence 
(0. 20-27 ym) of the normal spectral emittance of AISI 304 Stainless Steel for oxidized 
and anodized surfaces covering the temperature range from room temperature to 1273 K. 
These are tabulated in Table 3-3 and shown in Figure 3-2. 


(1) Polished AISI 304 Stainless Steel 


The recommended values at 293 K tabulated in Table 3-1 and shown in Figure 
3-1 are for polished and unoxidized surfaces are primarily from the investigations of 
Rolling and Funai [T47998,T29202]. These values are considered accurate to within 
+15% c. er the entire wavelength range. 


(2) Oxidized AISI 304 Stainless Steel 


The typical values at 1273 K tabulated in Table 3-1 and shown in Figure 3-1 are 
for polished and oxidized surfaces of a sample heated in air for about six hours at 
1273 K. These values, primarily from the investigations of Blau, et al. [T16606] are 
considered accurate to about + 30% over the entire wavelength range. 
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b. Normal Spectral Emittance (Temperature Dependence) 


There is no experimental data available for this property. The provisional values 
for the polished surface, tabulated in Table 3-4 and shown in Figure 3-3, for 3.8 y and 
10.6 y, covering the temperature range from room temperature to the melting point, 
were calculated by using the Kirchhoff law, i.e., €) = Q- Data for ay are available in 
Section 4.3.g. These are considered accurate to within + 204% over the entire temperature 
range, 
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c. Normal Spectral Reflectance (Wavelength Dependence) 


There are seven experimental data sets available for the wavelength dependence 
(0. 97-295.9 ym) of the normal spectral reflectance of AISI 304 Stainless Steel from 77 K 
to room temperature. These are tabulated in Table 3-7 and shown in Figure 3-5. 


The recommended values at 293 K, tabulated in Table 3-5 and shown in Figure 
3-4, are for polished and unoxidized surfaces. These values, primarily from the inves- 
tigations of Leigh [T33512] and Stockham [T45583] , and the recommended values for 
the normal spectral emittance shown in Table 3-1 are considered accurate to within + 15% 


over the entire wavelength range. 


The typical values at 1273 K, tabulated in Table 3-5 and shown in Figure 3-4, 
are for polished and oxidized surfaces. These values were calculated by using the 
Kirchhoff law, P) =1- a = 1- €\ where the values for the normal spectral emittance 
are shown in Table 3-1. These values are considered accurate to about +30% over the 
entire wavelength range. 
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d. Normal Spectral Reflectance (Temperature Dependence) 


There is no experimental data available for this property. Two provisional values, 
tabulated in Table 3-8 and shown in Figure 3-6, were generated for 3.8 ,, and 10.6 yp, re- 
spectively, covering the temperature range from room temperature to the melting point. 
The relation Py + % = 1 was employed for this case. Data for a, are available in Section 
4.3.g.- These values are considered accurate to about + 20% for the entire temperature 
range. 
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e. Angular Spectral Reflectance (Wavelength Dependence) 


There are three sets of experimental data available for the wavelength dependence 
(0. 1-0.2 ym) of the angular spectral reflectance of AISI 304 Stainless Steel at temper- 
ature 300 K. These are tabulated in Table 3-10 and shown in Figure 3-7, 


No recommendations were made because of the lack of information in the wavelength 
range which we are interested in. 
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f. Normal Spectral Absorptance (Wavelength Dependence) 


There are five sets of experimental data available for the wavelength dependence 
(2. 8-20 yn:) of the normal spectral absorptance of AISI 304 Stainless Steel near room 
temperature. These values are tabulated in Table 3-13 and shown in Figure 3-9. 


The recommended values for polished surfaces at 293 K, tabulated in Table 3-11 
and shown in Figure 3-8 are primarily based on the work by Harmon [A00003] and the 
recommended data for normal spectral emittance of wavelength dependence (see Section 
4.3.a). 

The accuracy for this recommended data is considered to within + 15% for the 
entire wavelength range. 

The typical values at 1273 K, tabulated in Table 3-11 and shown in Figure 3-8, 
are for polished and oxidized surfaces. Thesevalues were calculated by using the Kirchhoff 
law, M% =€) where the values for the normal spectral emittance are shown in Table 3-1. 
These values are considered accurate to about + 30% over the entire wavelength range. 
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g. Normal Spectral Absorptance (Temperature Dependence) 


There are eight sets of data available for the temperature dependence (293-1727 K) 
of the normal spectra! absorptance of AISI 304 Stainless Steel covering the wavelength 
range from 2.8 ym to 10.6 ym. These values are tabulated in Table 3-16 and shown 
in Figure 3-11. 


The provisional values for the polished surface for 3.8 ym and 10.6 ym are 
tabulated in Table 3-14 and shown in Figure 3-10 covering the temperature range from 
293 to 1727 K. 


The provisional values for 3.8 ym are primarily based on the work by Neighbours 
[A00016] who theoretically calculated the normal spectral absorptance fr«in the equation 
a% = A, + A, T assuming that this AISI 294 Stainless Steel obeyed the Drude- Lorentz theory. 


The provisional values at 10.6 ym were generated from the calculations of 
Neighbours [A00016] and Cunningham and Laughlin [E66194] who used the Hagen-Rubens 
relation, and the experimental values of Harmon [A00003]. The accuracy of both pro- 
visional curves is about +20% over the entire temperature range. 
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h. Transmittance 


Although it is true that metals and alloys in the form of extremely thin films may 
be transparent for a wide wavelength range, they are opaque if the thickness is greater 
than several hundred angstroms. 


As an aircraft/spacecraft structural material, this alloy is not used in the form 
of extremely thin films and therefore is opaque; that is, its transmittance is zero. 
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4.4. Titanium Alloy Ti-6Al-4V 


Titanium alloy Ti-6A1-4V was first introduced in 1954 [A00008]. Its nominal com- 
position is 64 Al, 4% V, and balance Ti, The melting range of this alloy is 1803 to 
1908 K. Its density is 4.424 g cm™3, which is 56% of that of steel. It can be heat-treated 
to ultimate strength in excess of 170,000 psi and has excellent fatigue properties and 


crack propagation characteristics. 


This alloy has an alpha lean beta composition. Addition of the six percent alumi- 
num stabilizes the alpha phase resulting in an increase ina + B~ 8 transformation tem- 
perature from 1156 to 1266 K. It also increases the elevated temperature strength level. 
Addition of four percent vanadium increases the strength level by two mechanisms: firstly 
by substitutional solid solution hardening and secondly, by stabilizing the beta or high 
temperature phase, thereby making f to qm hardening reaction possible through heat treat- 
ment. The addition of Vanadium improves hot workability by causing more of the ductile 
B-phase to be present at hot working temperatures. 


Descaling of the alloy can be accomplished mechanically by methods such as 
grinding and grit blasting; and chemically by acid pickling or by immersion in molten 
caustic or hydride bath. 


k'ickling of the alloy is generally done either for dimensional reasons or for removing 
surface (oxygen) contamination. This is done in bath containing HNO, and HF with ratios 
of 10:1. HNO, acts as an inhibitor to prevent the titanium from picking up the free hydro- 
gen from the Ti-HF reaction. 
This alloy has the following differeut designations: 
Republic Steel Co,, Titanium Metal Division: Ti-6A1-4V 
Special Metal Division: RS-120A 
Crucible Steel Co., Titanium Division: C-120AV 
Harvey Aluminum Co., Titanium Division: HA-6510 
Reactive Metal Products: MST-6Al1-4V 
Aeronautical Material Specifications: 4928A 
Military designation: OS-10737 


a. Normal Spectral Emittance (Wavelength Dependence) 


There are four sets of experimental data available for the wavelength dependence 
(0.3-15 ym) of the normal spectral emittance of Titanium Alloy Ti-6Al-4V for oxidized 
and anodized surfaces. These are tabulated in Table 4-3 and shown in Figure 4-2. 
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(1) 0.032 ym Finish Alloy 


There are no experimental data available for this alloy; however, the recommended 
values are tabulated in Table 4-1 and shown in Figure 4-1 for Titanium Alloy Ti-6Al-4V 
alloy of nominal composition and 0.032 ym finish. These values were calculated from 
the normal spectral reflectance data for the similar material (see Section 4.5.d). 


(2) Oxidized Titanium Alloy Ti-6Al-4V 


The recommended values tabulated in Table 4-1 and shown in Figure 4-1 for 
oxidized material are primarily from the investigation of Gravina and Katz [T22613]. 
These values are considered accurate to within + 15% over the entire wavelength range. 
The values calculated from the normal spectral reflectance data of Grimm and Fannin 
{[A00001] for a specimen after heating for 15 minutes in air are in good agreement 
with the recommended values. 


(3) Anodized Titanium Alloy Ti-6Al-4V 


The recommended values tabulated in Table 4-1 and shown in Figure 4-1 for 
chromic acid anodized surface are primarily from the investigation of Cunnington and 
Funai [T22613]. These values are considered accurate to within 15% over the entire 
wavelength range. It is very important to note that since different anodizing processes 
may produce entirely different surface finishes, which in turn will affect the radiative 
properties. This makes it impossible to give recommended values for general cases. 
Therefore, the above recommended values are for chromic acid anodized surface only. 


(See Section 4.1.c for further explanation. ) 
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b. Normal Spectral Emittance (Temperature Dependence) 


There are 22 experimental data sets for the temperature dependence (1100-1700 K) 
at ) = 0.65 ym of the normal spectral emittance of Titanium Alloy Ti-6Al-4V. These 
are tabulated in Table 4-5 and shown in Figure 4-3. Since no measurements are located 
at higher wavelengths, no recommendations are made. 
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ec. Angular Spectral Emittance (Wavelength Dependence) 


There are no experimental data located in the literature. The recommended 
values at 293 K tabulated in Table 4-6 and shown in Figure 4-4 are for pickled Titanium 
Ti-6Al-4V alloy of thickness 40 mil and the incident angle, @ = 45°. These values 
calculated from the angular spectral reflectance data tabulated in Table 4-12 are con- 
sidered accurate to within +15%at reported wavelengths. Unfortunately the authors 
gave only four data points, so no attempt was made to interpolate their data. 
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d. Normal Spectral Reflectance (Wavelength Dependence) 


There are 13 experimental data sets available for the wavelength dependence 
(2. 8-10.6 yum) of the normal spectral reflectance of Titanium Alloy Ti-6Al-4V. These 
are tabulated in Table 4-9 and shown in Figure 4-6. 


(1) 0.032 ym Finish Alloy 


The recommended values at 293 K tabulated in Table 4-7 and shown in Figure 
4-5 for Titanium Alloy Ti-6Al-4V with 0.032 ym finish are primarily from the investi- 
gations of Shipley and Thostesen [T40746]. These values are considered accurate to 


within + 15% over the entire wavelength range. 


(2) Oxidized Titanium Alloy Ti-6Al-4V 


The recommended values tabulated in Table 4-7 and shown in Figure 4-5 for 
oxidized Titanium Alloy Ti-6A1-4V are primarily from the investigation of Grimm and 
Fannin [A00001] and are for the material which has been heated in air for 15 minutes. 
These are conside.ed accurate to within + 15% over the entire wavelength range. The 
values calculated from the normal emittance data of Gravina and Katz [T22613] for sim- 
ilar oxidized Titanium Alloy Ti-6Al-4V are in good agreement with the recommended 
values. 


(3) Anodized Titanium Alloy Ti-6Al-4V 


The recommended values tabulated in Table 4-7 and shown in Figure 4-5 for 
chromic acid anodized surface were calculated from the normal spectral emittance data 
of Cunnington and Funai [T22613]. These are considered accurate to about + 15% over 
the entire wavelength range. (See Section 4.1.c and 4.5.a for further details. ) 
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e. Normal Spectral Reflectance (Temperature Dependence) 


There are 10 sets of experimental data available for the temperature dependence 
of the normal spectral reflectance of Titanium Alloy Ti-6Al1-4V under various surface 
conditions, These are tabulated in Table 4-11 and shown in Figure 4-7. In the absence 
of sufficient data, no recommendations were made. 
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f. Angular Spectral Reflectance (Wavelength Dependence) 


There is only one set of experimental data that is available. This one is tabulated 
in Table 4-14 and shown in Figure 4-9. 


The recommended values tabulated in Table 4-12 and shown in Figure 4-8 are for 
40 inil thick pickled Titanium Alloy T'i-6Al-4V with the incident angle, @= 45°. These 
values primarily from the investigation of Grimm and Fannin [A00001] are considered 
accurate to within + 15% at the reported wavelengths. 


206 


@2°0 
69°0 
£9°9 
@s°0 


« O SIONVIOZIIZY 8 82 SSUNLVUIdNTL tol *Y *HIONSISAVM) 
(C2OINZJONIdSO HLONSIBAVM) AW TWS-IL AOTIV HNINVIIL 3O 3ONV1937438 WULESdS YVINONVY GSONSNNODSY °2tee 378VL 


9°0T 
0°s 
ere 
er? 
£62 = 1 
AOTIV 
Q3INITd 


x 


207 


o*st 


* (JINSON3d30 HLONSTSAUM) Ah-W9-TL 
ADTIH WAINDLTL 40 S5NK193743Y WHLISdS YY INSNY CSONSWNDISY "S-h JYuNSIS 


M1 3WOUSIW’ HLONZTS3AUM 
Ont o°2t o°Ot o"8 09 Oh oz 
(M €62 ‘pepord) pepuauruiosay _-s 
a 
, an 
wee 


_ 
-_o 
_ 
—_— 
— 
_ 
_ 
_——_ 
-_—— 


20 


80 


ot 


39NbLI31434 


208 


* CJIN30N3d30 HLSNIT3SABM) Ah-WS-1L 


AQT WAINDLIL 30 39NH1937493Y WYLISdS YYWNSNY IWINSW1Y3dX3 *6—h 3YUNSIS 


¥31L3NQUI 1H’ HLON3ST3ZANM 
og! Oat o°al o°or o's o’s O"h 


v0 


v0 


a0 


ot 


JINILITIIR 


209 


"ag ‘wuuez 
“oS) = @ SssouNoWG: “1a OF ‘AOTTE AB-1V9-1.L PolmId £6z 9°OT-8°2 ole. pue "o°L ‘uu §610000V I 
— Uos;eUs;s0q xu wit “ON ‘°ON 
SyIVUSY pA ‘suo;esszyoeds ‘ (yaz010d WIM) wosI;s0duIOD weutroeds *eSury ‘euty atvex (s)zomny : “an > 
PUE OUTEN OINZeredUIaL YFUEe1IATM PU 








(2ouapaadag mduajaaem) Ab-1V9-1L AOTTY WNINVILL JO SONVLOTIIZY TVULOIdS UVINONV AHL NO NOILLVNYOAN] LNANIUISVzN 


“Si-} TIGVL 


@2°b $°ot 


69°0 a°s 
£9°0 ere 
@s°0 e°2 
*£62 = 1 
t 3AuNd 

d xX 


Co S3ONV1I93TS9N 3H SL SSUNLVAAdRSL Sut SY SHLONZTIZSAVA) 
(C39NZ0N3d30 HLONSIZBAVK) A*-TWW99IL AOTIV KNINVITL JO SONVLI3SIS3SY THYLIZdS YVINONY WINSWIYIXS “HTH 316V1 


210 


Gab 


g. Normal Spectral Absorptance (Wavelength Dependence) 


There are 16 sets of experimental data available for the wavelength dependence 
(2.8 ym) of the normal spectral absotprance of Titanium Alloy Ti-6Al-4V under 
various surface conditions. These are tabulated in Table 4-:7 and shown in Figure 4-11. 


(1) 0.032 pm Finish Alloy 


The recommended values tabulated in Table 4-15 and shown in Figure 4-10 cal- 
culated from the normal spectral emittance data on the identical material are considered 


accurate to about + 15%over the entire wavelength range (see Section 4. 5.a). 


(2) Oxidized Titanium Alloy Ti-6Al-4V 


The recommended values tabulated in Table 4-15 and shown in Figure 4-10 cal- 
culated from the normal spectral emittance data on the identical material are considered 
accurate to about + 15%over entire wavelength range (see Section 4.5.a). 


(3) Anodized Titanium Alloy Ti-6A1-4V 


The recommended values for chromic acid anodized surface and tabulated in 
Table 4-15 and shown in Figure 4-10 calculated from the normal spectral emittance data 
on the identical material are considered accurate to about + 15%over the entire wavelength 
region (see Section 4.1.c and 4. 5,a). 
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h. Normal Spectral Absorptance (Temperature Dependence) 


There is only one set of data located for the temperature dependence (300-800 K) 
of the normal spectral absorptance of Titanium Alloy Ti-6Al-4V. This is tabulated in 
Table 4-19 and shown in Figure 4-12. These values were calculated using the Hagen-Ruben 
relationship. Due to lack of experimeital evidence to support these calculations, no 


recommendations were made. 
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i. Angular Spectral Absorptance (Wavelength Dependence) 


There are no experimental data available for this subproperty. The recommended 
values tabulated in Table 4-20 and shown in Figure 4-13 calculated from the recommended 
angular spectral emittance for the identical material are considered accurate to within 
+15% at the resrted wavelengths (see Section 4.5.c). 
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j. Transmittance 


Although it is true that metals and alloys in the form of extremely thin films may 
be transparent for a wide wavelength range, they are opaque if the thickness is greater 
than several hundred angstroms. 


As an aircraft/spacecraft structural material, this alloy is not used in the form 
of extremely thin films and therefore is opaque; that is, its transmittance is zero. 


maT 


4.5. Hadfield Manganese Steel 


Hadfield manganese steel is an extremely tough nonmagnetic austenitic alloy. 
It was named after its inventor Sir Robert Abbott Hadfield (1858-1940), an English metal- 
lurgist, who was knighted in 1908 for his discovery of this steel in 1883 and many other 
metallurgical discoveries and inventions. This steel has a nominal composition of 10-14% 
Mn, 1.0-1.4% C, 0.1-0.3% Si, 0.1% P, and balance Fe. The melting range of this steel 
is estimated to be about 1470 to 1480 K. This steel is characterized by its high strength, 
high ductility, and excellent resistance to wear. Inthe form of castings or of rolled 
shapes, it serves many industrial requirements economically and has built up an envi- 
able record as the outstanding material for resisting severe service that combines abra- 


sion and heavy impact. 


No information on the thermal radiative properties of this or other similar alloy 
was uncovered from the search of literature. Consequently, tabulation or recommenda- 
tion of the thermal radiative properties of this alloy is not possible at this time. How- 
ever, since a metal with thickness greater than several hundred angstroms is opaque, 
it can be safely stated that the transmittance of this alloy is zero in its bulk form for 
general applications. 


£60 


4.6. Aluminum Oxide 


The specific type of aluminum oxide for which evaluated data was requested is 
Wesgo Al-300 which is a dense, vacuum-tight alumina manufactured by the Western Gold 
and Platinum Company of Belmont, California [A00015]. Wesgo Al-300 contains 97.6% 
aluminum oxide and has a density of 3.76 g cm™! which is about 95¢ of the theoretical 
value, although the manufacturer claims zero porosity. A1/16 in. flat specimen of this 
material is white and translucent. The hardness is 75 (Rockwell 45N). The maximum 
working temperature is 1923 K while the melting point of pure alumina has been reported 
around 2315 to 2320 K [A00017]. Wesgo Al-300 is made by compacting at pressures 
higher than conventionally used. Its properties including high abrasion resistance, high 
thermal conductivity, and excellent dielectric characteristics lead to its use as R.F. 


windows, high voltage insulators, and vacuum twe envelopes. 


A search of the technical literature did not turn up any data on the thermal radia- 
tive or optical properties of Wesgo Al-300. Therefore, with no specific data on Wesgo 
Al-300, no evaluated values can be given for it. However, to give some indication of the 
thermal radiative properties of alumina it was decided to give evaluated values, where 
the quantity and quality of data warrants it, for an alumina which has a purity close to 
Wesgo Al-300. Coors AD 99 is 99% pure aluminum oxide, while Coors AD 96 is 96% pure 
aluminum oxide and these specific materials are higher and lower in purity, respectively, 
than the 97.6% purity of Wesgo Al-300. It should be emphasized that any evaluated data 
for Coors is not a substitute for actual measurements on Wesgo A1-300 and is only given 
to give an indication of the behavior of another specific alumina. Because evaluated data 
was requested for Wesgo Al-300, data was generally not extracted for ruby or sapphire. 


a. Normal Spectral Emittance (Wavelength Dependence) 


A total of 86 sets of experimental data were located for the wavelength dependence 
of the normal spectral emittance of aluminum oxide as listed in Table 6-3 and 
shown in Figures 6-1 through 6-6. Curves 1 through 30 are shown in Figures 6-1 and 6-4. 
Curves 31 through 60 are shown ian Figures 6-2 and 6-5. Curves 61 through 86 are shown 
in Figures 6-3 and 6-6. Specimen characterization and measurement information for the 
data are given in Table 8-2. 


There is no data specifically for Wesgo Al-300, however, there are data for Coors 
AD 99 and Coors AD 96 which have a purity higher and lower, respectively, compared to 
Wesgo Al-300. Folweiler [T29570] (curves 22-26) has measured the normal spectral 
emittance of Coors AD 96. The data was presented in tabular form and for widely spaced 
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wavelengths leading to the conclusion that giving evaluated values is not justified. 

Data for Coors AD 99 was presented by Folweiler [T29570] (curves 17-21), Blau, et al. 
[T16606] (curves 3, 4, and 7), and Blau and Jasperse (T32045] (curve 62). The data 
for curves 17-20 was presented in tabular form with the remaining curves for Coors AD 99 
given in graphical form. Curve 20 at 1423 K gives supporting evidence to curve 21, also 
at 1423 K, given in graphical form. These two curves form the basis for provisonal 
values for the normal spectral emittance of Coors AD 99 at 1423 K with the values listed 
in Table 6-1 and shown in Tables 6-1, 6-2, and 6-3. The provisional curve continues 
only to 11 ym to keep the uncertainty to a 15% value. Curves 4 and 62 for a temperature 
of 1303 K are very similar to each other and form the basis of the provisional values for 
Coors AD 99 at 1303 K with the values listed in Table 6-1 and shown in Tables 6-1, 6-2, 
and 6-3; the uncertainty for this curve is 15%. Beyond 4.8 ym both provisional curves 
are the same since the stated uncertainty and the curves forming the basis of the pro- 


visional values do not justify separate provisional curves. 
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b. Normal Spectral Emittance (Temperature Dependence) 


A total of seven sets of experimental data were located for the temperature 
dependence of the normal spectral emittance of aluminum oxide as listed in Table 6-6 
and shown in Figure 6-8. Specimen characterization and measurement information for 
the data are given in Table 6-5. All the data are for wavelengths of 1 ym or below. 


However, provisional values at 3.8 and 10.6 ym for Coors AD 99 are shown in 
Figure 6-7 and are listed in Table 6-4. The values were obtained from the two pro- 
visional curves in the previous section. The uncertainty in each point is 15%. The lines 
connecting the two points for each wavelengih are not to imply a smooth curve and are 


used merely as an aid in visualizing and integrating the values presented. 
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c. Normal Spectral Reflectance (Wavelength Dependence) 


A total of 31 sets of experimental data were located for the wavelength 
dependence of the normal spectral reflectance of aluminum oxide as listed in Table 6-8 
and shown in Figure 6-9. Figure 6-9 does not show the data for curves 4, 9-13, and 
30-31. The data for these curves reported in the literature are relative values and 
some individual data points are over 1.0. The computer program handling the plotting 
divides any data over 1.0 by 100. and hence the curves having such data were not plotted. 
Specimen characterization and measurement information for the data are given in Table 


6-7. 


The data are predominately for wavelengths below 2.7 ym. The data above 2.7 ym 
are not identified with any specific brand names nor arethere confirmatory data for these 
data sets. For these reasons, taken together, it is not thought justified to pursue devel- 
oping evaluated data. 
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d. Angular Spectral Reflectance (Wavelength Dependence) 


A total of 10 sets of experimental data were located for the wavelength 
dependence of the angular spectral reflectance of aluminum oxide. These data are listed 


in Table 6-10 and shown in Figure 6-10. Specimen characterization and measurement 
information for the data are given in Table 6-9. 


The data are all for a temperature of 293 K and none of the sets are for Coors 
alumina or other commercial alumina and, therefore, no data evaluation is possible. 
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e. Normal Spectral Absorptance (Wavelength Dependence) 
A total of five sets of experimental data were located for the wavelength 


dependence of the normal spectral absorptance of aluminum oxide. This data is listed 
in Table 6-12 and shown in Figure 6-11. Specimen characterization and measurement 
information for the data are given in Table 6-11. 


The data are all for wavelengths below 1 ym and, hence, no data evaluation is 
justified. 


Since w= € by Kirchhoff's law(Eq. 2.3-7), the provisional values for normal 
spectral emittance of Coors AD 99 also apply to the normal spectral absorptance. See 
Table 6-1 for a listing of these provisional values and Figures 6-1, 6-2, and 6-3 for a 
graphical presentation. 
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f. Normal Spectral Absorptance (Temperature Dependence) 


No experimental data was found for the temperature dependence of the 
normal spectral absorptance of aluminum oxide. 


By Kirchhoff's law (Eq. 2.3-7) the provisional values for the temperature depend- 
ence of the normal spectral emittance are equal to the values for the temperature depend- 
ence of the normal spectral absorptance. See Table 6-4 for the listing of the provisional 
values and Figure 6-7 for a visual presentation. 
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g. Hemispherical Spectral Transmittance (Wavelength Dependence) 


A total of 16 sets of experimental data were located for the wavelength 
dependence of the hemispherical spectral transmittance of aluminum oxide, These data 
are listed in Table 6-14 and shown in Figure 6-12. Specimen characterization and mea- 
surement informatio: for the data are given in Table 6-13. 


The data are all at room temperature and cover a wavelength range of 1 to 8 um. 
The data are widely spaced, having come from tabular form, and drawing a smooth curve 
through the points for data evaluation is not justified. Lines are drawn between the data 
points in Figure 6-12 to aid in visualizing the data and do not imply a smooth curve con- 
necting the data points. 
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FIGURE 6-12. EXPERIMENTAL HEMISPHERICAL SPECTRAL TRANSMITTANCE OF ALUMINUM 


OXIDE (WAVELENGTH DEPENDENCE). 
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h, Normal Spectral Trans-nittance (Wavelength Dependence) 


A total of 18 sets of experimental data were located for the wavelength 
dependence of the normal spectral transmittance of aluminum oxide. These data are listed 


in Table 6-16 and shown in Figure 6-13. Specimen characterization and measurement 
information for the data are given in Table 6-15. 


Because the data that are potentially useful are widely spaced, no evaluated data 
can be given. The lines connecting such data points do not imply a smooth curve. 
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FIGURE 6-13. 
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4.7. Boron Nitride 


Boron nitride is a material that is man-made and has no counterpart in nature. 
It exists in several forms. There is a soft hexagonal form, a hard cubic form, and a 
hard hexagonal form. Pure boron nitride sublimes at 3273 K and 1 atmosphere while the 


commercial forms sublime at 3003 K and one atmosphere |£12808]. 


The soft hexagonal form has a layer-lattice structure similar to graphite. It can 
be made in two ways. One method of manufacture is by hot pressing. The second method 
is by chemical vapor deposition (CVD) with this type also known as pyrolytic boron nitride. 


The hard cubic form has a zincblende structure, The density is 3.45 g cm™? 
{A00014]. Borazon, a trademark of the General Electric Company, is cubic boron nitride 
manufactured by the GE Specialty Materials Department, Worthington, Ohio, The Kussian 
names for cubic boron nitride are Elbor and Cubonite. The cubic form is harder than 


diamond and is probably the hardest material on earth. 


The hard hexagonal form has a wurtzite structure and only small amounts have 


been synthesized. 


The application of boron nitride includes furnace insulation, high temperature lu- 
brication (the graphite-like form), dielectrics, wave guides, heat shields for plasmas, and 
nose cone windows, 


a. Normal Spectral Emittance (Wavelength Dependence) 


A total of 19 sets of experimental data were located for the wavelength 
dependence of the normal spectral emittance of boron nitride. Thedataare listed in Table 7-3 
and shown in Figures 7-1 and 7-2. Specimen characterization and measurement information 
for the data are given in Table 7-2. 


Seven sets of data are for pyrolytic boron nitride (curves 11-17) specimens manu- 
factured by High Temperature Materials, Inc., of Lowell, Massachusetts. Only for three 
data sets (curves 15-17) were specimen dimensions given. These three data sets cover 
a temperature range of 1280 to 2020 K and are very close to each other, A set of pro- 
visional values is, therefore, based on curves 15, 16, and 17 with these values valid 
within the following context: a 0.5 in, thick specimen of polished pyrolytic boron nitride 
manufactured by High Temperature Materials, Inc., with the surface parallel to the basa! 
planes radiating. The values, within an uncertainty of 15%, hold for temperatures of 1280, 
1670, and 2020 K. The provisional values are listed in Table 7-1 and shown in Figure 7-1. 
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Four sets of data (curves 7, 8, 10, and 18) are for 97% pure boron nitride manu- 
factured by the Carborundum Corporation. The materialfor curve 9 reported by Browning, 
[T3747] had a density close to the density of the material for curves 7, 8, 10, and 18 
and was, therefore, probably 97% pure, 


The crystal structure for the remaining data sets was not reported and, therefore, 
these sets cannot be used for developing evaluated data. 
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b. Normal Spectral Emittance (Temperature Dependence) 


A total of two sets of experimental data were located for the temperature 
dependence of the normal spectral emittance. The data are listed in Table 7-6 and 
shown in Figures 7-3 and 7-4. Specimen characterization and measurement information 
for the data are given in Table 7-5. 


Both sets of data are for 0.650 ym and, therefore, no data from these sources 
can be used for evaluation at 3.8 and 10.6 ym. However, using the provisional values 
in the previous section for pyrolytic boron nitride, values for 3.8 and 10.6 ym were ob- 
tained for temperatures of 1280, 1670, and 2020 K. The provisional values are listed 
in Table 7-4 and shown in Figure 7-3. The uncertainty is 15%. The context within which 
these values are valid is the following: a 0.5 in. thick specimen of polished pyrolytic 
boron nitride manufactured by High Temperature Materials, Inc., with the surface par- 
allel to the basal planes radiating. Since the provisional values in the previous section 
are the same for 1280, 1670, and 2022 K, the emittance in this temperature range for 
either 3.8 or 10.6 ym is temperature independent (see Figure 7-3). 
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c. Normal Spectral Reflectance (Wavelength Dependence) 


A total of 28 sets of experimental data were located for the wavelength 
dependence of the normal spectral reflectance of boron nitride. The data are listed in 
Table 7-9 and shown in Figures 7-5 and 7-6. Specimen characterization and measurement 
information for the data are given in Table 7-8. 


All sets of data, with the exception of one, are for 293 K, No data for higher tem- 
peratures was located. Two typical curves are given, one for a pyrolytic specimen and 
one for a cubic specimen. These are labeled typical because of the lack of complete speci- 
men dimensions and the uncertainty of these values can be 30% or larger. The typical 
curve for pyrolytic boron nitride at 293 K is based on curve 2 and holds for a specimen 
from High Temperature Materials, Inc., for linearly polarized light with the electric field 
vector parallel to the c-axis of the crystal, and @ = 0° and 9" = 0°, The typical curve for 
cubic boron nitride at 293 K is based on curve 5 and holds for a polished specimen with 
density approaching the theoretical value of 3.50 gcm™. The typical values are listed 
in Table 7-7 and shown in Figure 7-5. 
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d. Angular Spectral Reflectance (Wavelength Dependence) 


A total of three sets of experimental data were located for the wavelength dependence 
of the angular spectral reflectance. The data are listed in Table 7-12 and shown in Fig- 
ures 7-7 and 7-8. Specimen characterization and measurement information for the data 
are given in Table 7-11. 


A provisional set of values, based on curve 2, is listed in Table 7-10 and shown 
in Figure 7-7. These room temperature values hold for a polished, 1/32 in. thick spec- 
imen of pyrolytic boron nitride manufactured by High Temperature Materials, Inc., with 
the angles 6 and 6’ both equal to 20°. An uncertainty of 30% or less is assigned. 
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e. Normal Spectral Transmittance (Wavelength Dependence) 


A total of seven sets of experimental data were located for the wavelength dependence 
of the normal spectral transmittance of boron nitride. The data are listed in Table 7-15 
and shown in Figures 7-9 and 7-10. Specimen characterization and measurement infor- 


mation for the data are given in Table 7-14. 


For the purposes of this report, the first four data sets are useless in aiding to 
arrive at evaluated data. Curve 5 forms the basis of a typical set of values which are 
valid at room temperature for platelets of yellow, undoped, single-crystals of cubic 
boron nitride. An assignment of typical is necessitated because of uninformed specimen 
dimensions. The uncertainty assigned is 30% or more. 
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4.8. Calcium Aluminum Silicate 


Since data evaluation was asked to be carried out on the specific kind of calcium 
aluminum silicate known as Corning 9753, the treatment in this section will concentrate 
on that material. 


Corning 9753 is a solid solution of 30¢ CaO, 40% Al,O,, and 30% SiO, and is an 
infrared transmitting glass. It is a product of the Corning Glass Works, Corning, New 
York 14830. Other names by which it is known include Corning Code 9753, glass 9753, 
CGW-Glass 9753, Corning 9753 glass, and Cortran Code 9753. Cortran is a secondary 
trademark of the Corning Glass Works. 


This material has several interesting physical properties which lead to its suit- 
ability for airborne applications. It melts around 1723 to 1773 K [T28664]. According 
to the Corning Glass Works specification sheet for Code 9753, copyrighted in 1970, 
other physical properties are as follows: It has a softening point (extrapolated) of 1254K, 
an annealing point of 1105 K, and a strain point of 1073K. The linear expansion coefficient 
between 298 and 573 K is 59.5 x 10°? C+ while between 29.8 and 973 K it is 72x 10-7 cx, 
Code 9753 has a density of 2.798 g cm™’, a Young's modulus of 14.3 x 10° psi, a shear 
modulus of 5.6 x 10° psi, and a Poisson's ratio of 0.28, The Knoop hardness is 657.5 for 
a 100 g load and 601 for a 500 g load. These values of hardness makes this material highly 
suitable for high-speed airborne applications and coupled with its infrared transmitting 
properties leads to its use on heat-seeking missiles. The refractive index at 0.4867 ym 
is 1.61251, at 0.5893 ym is 1.60475, and at 0.6563 wm is 1.60151. The dielectric con- 
stant at 1 Mc and 298 K is 8.87 while for the same frequency it is 9.51 at 773 K; it is 8,28 
at 298 K, 8.59 at 573 K, 8.66 at 673 K, and 8.76 at 773 K, all at 8600 Mc. The loss 
tangent at 1 Mc and 298 K is 0.0025 while for the same frequency it is 0.0029 at 773 K; 
it is 0.011 at 298 K, 0.01 at 573 K, 0.01 at 673 K, and 0.01 at 773 K, all at 8600 Mc. 
The log of the de resistivity (ohm-cm) is 18.0 at 523 K, 15.0 at 623 K, and 11,8 at 773 K. 


a. Normal Spectral Emittance (Wavelength Dependence) 


There are six sets of experimental data available for the wavelength dependence 
of the normal spectral emittance, ¢(@' * 0°), of calcium aluminum silicate all of which 
apply to Corning 9753. The data is listed in Table 8-3 ard shown in Figures 8-1 and 8-2. 
Specimen characterization and measurement information fo~ the data are given in Table 
8-2. Three data sets are for a specimen 0.3175 cm thick measured at temperatures 
473 to 873 K. The remaining three data sets are for a 1.27 cm thick specimen covering 
the same temperature range, 
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It is observed that each of the six data sets is for a different combination of 
thickness and temperature and hence there is no direct confirmatory evidence for an 
individual data set. As a consequence of this lack of confirmatory evidence, only pro- 
visional values are justified. Two provisional curves are given for Corning 9753 for a 
specimen of 0.3175 cm with one curve applicable to 473 K and the other curve to 873 K. 
The provisional values are listed in Table 8-1 and shown in Figure 8-1. The thickness 
of 0.3175 cm is selected so as to be close to a thickness of 0. 2 to 0.4 cm which is often 
used in reporting measurements. These two provisional curves are the same as curves 
1 and 3 in Table 8-3 and Figure 8-1 with additional values reported. The uncertainty 
for the provisional values is within 30%. 


It is noted that for curves 1-6 in Tables 8-2 and 8-3, data is not available for 
wavelengths below 1.5 ym and above 8.0 ym. In addition, data is unavailable over the 
entire wavelength region for temperatures above 873 K. 


Assuming that the normal spectral emittance above 8.0 ym continues at a high 
and roughly constant value, the magnitude of emittance will be about 0.8 for a 3.175 mm 
thick specimen from 473 to 873 K. 


Corroborating evidence of a high and roughly constant value above 8 ym for a 
slightly different thickness comes from the provisional values at 293 K for a specimen 
of 2mm thick. These values are listed in Table 8-1 and shown in Figure 8-1. They 
were generated by using Eq. (2.3-2) to find a and using Kirchhoff's law, Eq. (2.3-4), 
to find the normal spectral emittance. The values of the normal spectral transmittance 
used in Eq. (2.3-2) are the provisional values listed in Table 8-12 and shown in Figure 
8-9; these values apply to a temperature of 293 K and a specimen thickness of 2 mm. 
From 5.0 to 15 ym it was assumed the transmittance was zero. The values of the nor- 
mal spectral reflectance used in Eq. (2.3-2) are the provisional values listed in Table 
8-5 and shown in Figure 8-4; these values apply to a temperature of 293 K and a thick- 
ness of 1.99 mm. The uncertainty is thought to be well within 30% over most of the 
wavelength region. 
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b. Normal Spectral Emittance (Temperature Dependence) 


No original experimental data were located for the temperature dependence of the 
normal spectre] emittance of Corning 9753. However, using the interpolated values of 
curves 1, 2, and 3 of Figure 8-1 and Table 8-3, provisional values for a specimen thick- 
ness of 3.175 mm have been derived for 2.8, 3.8, and 5.0 ym. These provisional 
values are listed in Table 8-4 and shown in Figure 8-3. The uncertainty of the provisional 
values is within 30%, It is noted these values only go to 873 K and there are no values 
for higher temperatures for the thickness of 3.175 mm. 


It is observed that the value of normal spectral emittance of Corning 9753 over 
the temperature range of 473 to 873 K is a constant, to a first approximation, Assuming 
that this constancy extends to the melting range of 1723 to 1773 K, it would be concluded 
that, in that temperature range, the numerical value of the normal spectral emittance of 
Corning 9753 would be 0.06 at 2.8 ym, 0.2 at 3.8 ym, and 0.9 at 5.0 ym. 
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c. Normal Spectral Reflectance (Wavelength Dependence) 


Only one data set was found for the wavelength dependence of the normal spectral 
reflectance. This is curve number 5 (T = 293 K, specimen thickness 1.99 mm) with the 
data listed in Table 8-7 and shown in Figures 8-4 and 8-5. Specimen characterization 


ard measurement information for the data set are given in Table 8-6. 


Values for other conditions have been generated for the normal spectral reflec- 
tance. Values for curve number 1 in Tables 8-6 and 8-7 were calculated using equation 
(2.6-15) which holds for a polished, uncoated, plane-parallel plate, taking into account 
multiple internal reflectunce, and assuming zero absorption. The refractive index data 
was take .. from curve number 1 in Table 8-9 and shown in Figure 8-6. Specimen charac- 


terization and measurement information for the refractive index data are givenin Table 8-8. 


Values of reflectance for a specimen thickness of 3.175 mm at 473, 673, and 
873 K were calculated from normal transmittance and normal emittance data with details 


of the calculation mentioned in Table 8-6 for curves 2, 3, and 4. 


Two provisional curves are given with one applicable to T = 293 K and a specimen 
thickness of 1.99 mm and the other for T = 873 K and a specimen thickness of 3.175 mm. 
The latter is shown to give an indication of the effect of temperature and thickness 
change. The uncertainty of these values can be large because of the sm: 1] values of 
reflectance involved. However, over most of the wavelength region, the uncertainty should 
not exceed 30%, The provisional values are listed in Table 8-5 and shown in Figure 8-4, 


It is noted that no reflectance data are available above 873 K and even the 
values for 473, 673, and 873 K do not go beyond 8 ym. 
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d. Normal Spectral Reflectance (Temperature Dependence) 


Using values from curves 2, 3, and 4 of the previous section, provisional values 
have been generated for 2.8, 3.8, and 5.0 ym. These values listed in Table 8-10 and 
shown in Figure 8-7 are valid for a thickness of 3.175 mm. The uncertainty should not 
exceed 30%. Note that for the three lowest wavelengths, values are not given above 
873 K and no values are given for 10.6 ym above room temperature. 
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e. Normal Spectral Absorptance (Wavelength Dependence) 


No original experimental data were located for the normal spectral absorptance 
of Corning 9753. However, by applying Kirchhoff's law, the provisional values of the 
normal spectral absorptance are generated which are equal to the provisional values of 
the normal spectra! emittance. For a discussion of the uncertainties see the section 
on the normal spectral emittance (wavelength dependence) of calcium aluminum silicate. 
The provisional values of the normal spectral absorptance are listed in Table 8-11 and 
shown in Figure 8-8. 


For the temperature dependence of the normal spectral absorptance, see the 
section on the normal spectral emittance (temperature dependence) of calcium alumi- 


num silicate. 
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f. Normal Spectral Transmittance (Wavelength Dependence) 


There are 17 sets of experimental data available for the wavelength dependence 
of the normal spectral transmittance of calcium aluminum silicate, 13 of which apply 
to Corning 9753. The data is listed in Table 8-14 and shown in Figures 8-9 and 8-10. 
Specimen characterization and measurement information for the data are given in 
Table 8-13. 


There are three data sets which are for a specimen thickness of 2.00 mm at room 
temperature (curves 1, 4, and 5). These three curves were used to determine a pro- 
visional curve. The provisional values are listed in Table 8-12 and shown in Figure 
8-9. For values of transmittance over 0.5, the uncertainty is within 5% but around a 
transmittance value of 0.1, the uncertainty can reach 20%. These uncertainties are de- 
termined taking into account the slightly different thicknesses and the slightly different 
temperatures of the specimens for the data sets that formed the basis of these provis- 


ional value sets. 


In order to show the effect of ti mperature on the normal spectral transmittance 
of Corning 9753, another provisional curve is given and is applicable to a specimen 2.00 
mm thick at a temperature of 1173K. The provisional values are listed in Table 8-12 
and shown in Figure 8-9. The uncertainty is within 20% for this set of values. 


It is noted that the provisional curve for 1173 K is above the provisional curve 
for 293 K in the region 1 to about 2.7 ym. However, the provisional curve for 1173 X 
is below the provisional curve for 293 K in the wavelength region of 3.3 to 4.9 ym. 


For a specimen of 2.00 mm thick there is no normal spectral transmittance data 
above 1173 K and only one set available between 1173 K and room temperature. For 
specimen thicknesses of 3.175 and 12.7 mm, the highest temperature for which normal 
spectral transmittance data is available is 873 K. 
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g. Normal Spectral Transmittance (Temperature Dependence) 


There are 10 sets of experimental data available for the temperature dependence 
of the normal spectral transmittance of calcium aluminum silicate all of which apply to 
Corning 9753, The data is listed in Table 8-17 and shown in Figures 8-11 and 8-12, 
Specimen characterization and measurement information for the dataare given in Table 8-16. 


The 10 data sets are all for a thickness of 2 mm and cover a wavelength range 
of 3.5 to 4.7 ym. The temperature range covered is from slightly over 300 K to about 
1175 K which is above the strain point (1073 K) but below the melting range (1723 to 
1773 K). 


A provisional curve is given for Corning 9753 at a wavelength of 3.8 ym. The 
provisional values are listed in Table 8-15 and shown in Figure 8-11. The provisional 
values were obtained by using linear interpolation between the 3.75 ym data (curve num- 
ber 2 in Tables 8-16 and 8-17) and the 4.0 ym data (curve number 3 in Tables 8-16 and 
8-17). Values of transmittance were read for the same values of temperatures and then 
linear interpolation performed. The uncertainty of the provisional values are no larger 
than 154, 
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4.9. Magnesium Fluoride 


Since data evaluation was asked to be carried out on the specific kind of magnesium 
fluoride known as Irtran 1, the treatment in this section will concentrate on that material. 


Irtran 1, produced by the Eastman Kodak Company, is a hot-pressed, polycrystalline 
solid of magnesium fluoride, MgF,. The word "Irtran" is a trademark of the Eastman 
Kodak Company. Because it is polycrystalline it does not exhibit cleavage. The visual 
appearance of Irtran 1 is transparent in colors ranging from tan to green [E62600]. 
According to Kodak [E62600] , the long-range infrared cut-off frequency is approximately 
7.5 wn for a 2 mm thick specimen for which the transmittance is 10%. It has 
a Knoop hardness of 576 and is approximately as hard as soft steel. The density is 3.18 
g cm? at 298K. Other physical properties include a modulus of rupture of 21, 800 psi 
at 298 K, and an expansion coefficient of 11.0 x 10° C“ between 298 and 473 K. It is 
insoluble in water and there is no change in transmittance or weight upon both inorganic 
and organic chemical immersion. It has a melting point of 1528 K [T39947] and a high 
thermal shock resistance. It is used as windows, domes, prisms, and filter substrates 


for infrared systems. 


a. Normal Spectral Emittance (Wavelength Dependence) 


A total of 20 sets of experimental data were located for the wavelength 
dependence of the normal spectral emittance of Irtran 1. Thedataare listed in Table 9-3 
and shown in Figures 9-1 and 9-2. Specimen characterization and measurement infor- 
mation for the data are given in Table 9-2. 


Numerical values of the data are low at 4.5 ym, being less than 0.16 and above 
5.5 ym they increase sharply such that above 10 ym all the data are above 0.75. There is 
a conflicting element in the data. Stierwalt, et al. [T33450] presented data for a 2 mm 
thick specimen at 333 K (curve 17), 393 K (curve 18), and 453 K (curve 19). Above 
10 ym the values of the normal spectral emittance for these curves are between 0.75 and 
0.90. Hatch [T76525] presented an argument that the emittance for specimen thicknesses 
of 1 mm or greater should be greater than 0.99 from 293 to 970 K and between 10 and 
15 ym. The argument of Hatch and the data of Stierwalt, et al. are incompatible. As 
a consequence it was decided to consider evaluated data only within a restricted wave- 
length range of 3 to 6.4 ym. 


Provisional values for a 2 mm thick specimen at a temperature of 293 K for a 
wavelength region of 3 to 6.4 ym are listed in Table 9-1 and shown in Figure 9-1. These 
values were generated by using the Kodak scheme, Eqs. (2.6-13) and (2.6-15), for 
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calculating emittance from transmittance and refractive index data. The transmittance 
data used was data from curve 22 in Tables 9-17 and 9-18. The refractive index data 
used was taken from the data of curve 2 in Tables 9-4 and 9-5. The refractive index 
data is shown in Figure 9-3. Provisional valves for a specimen thickness of 3.8 mm 

at a temperature of 589 K for a wavelength range of 3 to 6.4 ym are given, as well 

as a set of provisional values for a thickness of 3.8 mm, a temperature of 970 K, and 

a wavelength range of 3 to 6.0 ym. The provisional values for 589 K sre based on 
curve 8 while those for 970 K are based on curve 11. The values are lisied in Table 9-1 
and shown in Figure 9-1. Because of the low value of emittance, the uncertainty for all 
three provisional curves can be as high as 254%, 
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b. Normal Spectral Emittance (Temperature Dependence) 


No experimental data was found for the temperature dependence of the normal 
spectral emittance of Irtran 1. However, using curves 8, 9, 10, and 11 of Tables 9-2 
and 9-3, a set of provisional values for a specimen thickness of 3.8 mm and a wavelength 
of 3.8 ym were generated. The provisional values are listed in Table 9-6 and shown 
in Figure 9-4. The uncertainty is assigned a value of not more than 25%. 
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c. Normal Spectral Reflectance (Wavelength Dependence) 


Only one set of experimental data was located for the wavelength dependence 
of the normal spectral reflectance of magnesium fluoride. The data is listed in Table 
9-9 and shown in Figures 9-5 and 9-6. Specimen characterization and measurement 
information for the data are given in Table 9-8. 


Calculations were carried out using the Kodak scheme, Eqs. (2.6-13) and (2.6-14), 
to determine the reflectance at 293 K over a range of thickness from 0.5 mm to 12 mm 
(curves 2-7). In addition, Hatch[T76525] presented an argument concerning the reflec- 
tance from 10 to 15 ym with the conclusion the reflectance is less than 1% (curve 8). 


Values for a provisional curve at 293 K for a 2 mm thick specimen are listed 
in Table 9-7 and shown in Figure 9-5. These values cover a wavelength range of 3 to 
6.4 pm to agree with the wavelength range for the provisional curve at 293 K for the wave- 
length dependence of the normal spectral emittance. The uncertainty is thought to be no 
more than 25%, 
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d. Angular Spectral Reflectance (Wavelength Dependence) 


One set of experimental data was located for the wavelength dependence of 
the angular spectral reflectance of Irtran 1. Three sets are for magnesium fluoride. 
The data are listed in Table 9-11 and shown in Figure 9-7. Specimen characterization 
and measurement information for the data are given in Table 9-10. 


All four sets are for room temperature measurements. The one set for Irtran 1 
measured by McCarthy [T30100] is for a polished specimen 2 mm thick with the measure- 
ment taken at an angle of incidence, 0, of 30° and an angle of reflection, @, of 30°. The 
data shows a decrease from about 0.04 at 4 ym to zero value at 9.5 ym. Because of 
the wide range in cut off exemplified by the data for the wavelength dependence of normal 
spectral reflectance (see the section on the wavelength dependence of the normal spec- 
tral transmittance and Figure 9-12), it was decided not to give evaluated data in this 
angular spectral reflectance section. 
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e. Normal Spectral Absorptance (Wavelength Dependence) 


Three sets of experimental data were located for the wavelength dependence 
of the normal spectral absorptance of Irtran 1. Thedataare listed in Table 9-14 and shown 
in Figures 9-8 and 9-9. Specimen characterization and measurement information for 
the data are given in Table 9-13. 


The three sets of data were results of measurements by Stierwalt, et al. [145698] 
for a 2 mm thick specimen. The measurement temperatures were 333, 393, and 453 K. 
The values are between 0.1 and 0.01 within the wavelength range 3 to 6 yn, rise rapidly 
in the range of 6.5 to 8.5 ym, and are within the range of 0.75 to 0.9 above 10 ym. This 
data is very similar to the normal spectral emittance data of Stierwalt, et al. (T33450] 
in Tables 9-2 and 9-3 and Figures 9-1 and 9-2 (curves 17, 18, and 19). 


Calculations were carried out to determine the absorptance using transmittance 
and refractive index data. See the section on the wavelength dependence of the normal 
spectral emittance for more details. The results of the calculations are curves 4-9 in 
Table 9-14 and Figures 9-8 and 9-9. 


For wavelengths greater than 7 ym, the calculations show the absorptance reaching 
0.98 or greater. However, the data of Stierwalt, et al. for the lowest temperature, 333 K, 
does not reach 0.98. The same type of difficulty manifested itself in the data for the 
normal spectral emittance. 


However, in a lower wavelength region, the calculations for a 2 mm thick specimen 
(curve 6) and the data for a 2 mm thick specimen at 333 K agree reasonably well. There- 
fore, between 3 and 6.4 ym, the calculated values are taken as the provisional values 
for 293 K with an uncertainty of 25%. The provisional values are listed in Table 9-12 
and shown in Figure 9-8. 


Applying Kirchhoff 's law, equating normal spectral absorptance to normal spectral 
emittance, two more provisional curves are given (see the section on the wavelength 
dependence of the normal spectral emittance). One applies to a specimen thickness of 
3.8 mm, a temperature of 589 K, and a wavelength range of 3 to 6.4 ym; the otier applies 
to a thickness of 3.8 mm, a temperature of 970 K, and a wavelength range of 3 to 6.0 ym. 
These values are also listed in Table 9-12 and shown in Figure 9-8. Because of the low 
value of absorptance, the uncertainty can be as high as 254, 
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f. Normal Spectral Absorptance (Temperature Dependence) 


No experimental data was found for the temperature dependence of the normal 
spectral absorptance of Irtran1. However, using curves 8, 9, 10, and 11 >f Tables 
9-2 and 9-3 together with Kirchhoff's law, Eq. (2.3-7), a set of provisional values for 
a specimen thickness of 3.8 mm and at a wavelength of 3.8 ym wag generated. The pro- 
visional values are listed in Table 9-15 and shown in Figure 9-10. The uncertainty is 


assigned a value of not more than 25%. 
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g. Normal Spectral Transmittance (Wavelength Dependence) 


A total of 30 sets of experimental data were found for tle wavelength de- 
pendence of the normal spectral transmittance of magnesium fluoride. The data are listed 
in Table 9-18 and shown in Figures 9-1land 9-12. Specimen characterization and mea- 


surement information for the data are given in Table 9-17. 


The data reported by Linsteadt [T38121] (curves 8 and 9) was supposedly for 
a 1.02 mm thick specimen of Irtran 1. However, the shape is so different from curves 
15, 21, and 26, all of which apply to an approximately 1 mm thick specimen at room 
temperature, that the conclusion is reached that the material is not Irtran 1 contrary 


to what was reported for curves 8 and 9. 


A look at curves 15 and 21 shows there is considerable difference in the high 
wavelength cut-off region. The data of curve 15 applies to a specimen thickness of 1.02 
mm at a temperature of 300 K; the data in curve 21 applies to a specimen thickness of 
1 mm at 293K. Above 8 ym, curve 15 is considerably above curve 21. In addition, 
curve 15 reaches zero transmittance at 9.93 ym while for curve 21 it is 8.51 ym. 


A comparison between curve 22, a specimen thickness of 2 mm, a measurement 
temperature of 293 K, and curve 1, a specimen thickness of 2 mm and a measurement 
temperature of 293 K shows differences. For most of the wavelength region from 7 to 
10 ym, curve 1 is considerably above curve 22. For example, at 8 ym curve 22 is near 
zero while curve 1 is 0.432. The absorption band in the range 2.7-2.8 ym also shows 
differences between the two curves. Curve 1 at 2.80 ym is 0.607 while curve 22 is 0. 842. 


Because of these differences, a provisional curve at 293 K for a specimen thick- 
ness of 2 mm is only given for the wavelength range 3 to 7 ym. The uncertainty at 7 ym 
is 12% and, therefore, this uncertainty is assigned to this curve. These provisional 
values are based on curve 22 and the values are listed in Table 9-16 and shown in Figure 
9-11. 


Transmittance data was given by Ballard, et al. [T17017] for a 1.75 mm thick 
specimen at several high temperatures: curve 17 at 673 K, curve 18 at 873K, 
and curve 19 at 1073 K. Curve 16 is at 299 K for the same thickness. The curves 
are identical up to 5.4 ym but above that wavelength the effect of increasing temperature 
is to decrease the transmittance and also to decrease the wavelength at which the trans- 
mittance reaches zero. Since the shape of curve 16, for 299 K and 1.75 mm thick, is 
different enough from curve 22 for 293 K and 2 mm thick, it is not thought justified to 
give evaluated data over a range of wavelengths for the highest temperature, i.e., 1073 K. 


However, one fact that will be used in the next section is pertinent to make here. From 
curves 16 through 19, it is noted the transmittance has the same value for 299, 673, 
873, and 1033 K at a wavelength of 3.8 ym. 
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FIGURE 9-11. 
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h. Normal Spectral Transmittance (Temperature Dependence) 

No experimental data was found for the temperature dependence of the 
normal spectral transmittance of Irtran 1. However, a provisional curve at 3.8 ym, 
with an uncertainty of 12%, and applying to a specimen thickness of 1.75 mm is listed 
in Table 9-19 and shown in Figure 9-13. Several considerations were relevant in arriv- 
ing at this provisional curve. The data of curves 16, 17, 18, and 19 of the previous 
section show the transmittance as constant at temperatures of 299, 673, 873, and 1073 K. 
The uncertainty of 12% takes account of the slight variation at 3.8 ym by curves 2-6 of 
the previous section. The constant value selected at 3.8 ym was the value from the 
provisional curve in the preceding section. 
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4.10. Pyroceram 


Pyroceram is a generic name for a group of glass-ceramic materials, which 
were developed by the Corning Glass Works, Corning, New York 14830. The word 
"Pyroceram" is a trademark of Corning Glass Works and is registered with the United 
States Patent Office. Pyrocerams are microcrystalline materials formed originally 


from a noncrystalline glass. 


The specific Pyroceram that is of interest for the purposes of this report is 
Corning Code 9606, therefore, specific properties mentioned in this general section 
will be for Corning 9606. In addition, in the data sections pertaining to Pyroceram, the 
aim is to give evaluated data, when appropriate, for Corning 9606. Data was extracted 
not only for Corning 9606 but also for any other material subsumed under the name of 
Pyroceram or that was labeled as a Pyroceramic type material. This was done in order 
to see the similarities and differences of the various Pyrocerams with the purpose of 


aiding data evaluation, 


Corning Code 9606 is a magnesia aluminosilicate glass ceramic (composed of 
silicon dioxide, aluminum oxide, magnesium oxide, and a small amount of titanium 
dioxide), The ingredients are melted together at temperatures of the order of 1900 K 
using special techniques to insure uniform composition, constant density, freedom from 
bubbles and striations, and uniform electrical properties, Pyroceram 9606 is non-porous, 
considerably harder than glass, opaque, and gray in color. 


Code 9606 is primarily used in military products and specifically as missile radomes 
since it has uniform electrical properties throughout the material at elevated temperatures 
and the ability to pass R.F. signals. Other properties which make it good for radome 
applications are good thermal shock and rain erosion characteristics. 


According to 9606 Data Sheets [A00009], its physical properties include a softening 
point of 1623 K, a density of 2.6 g/cm’, a porosity (void volume) of 0.00%, water absorption 
of 0.00%, and the property of being impermeable to gas. Mechanical properties of Corning 
Code 9606 include a strength to weight ratio (modulus of rupture to specific gravity) of 
13.5 x 10° psi at 293 K, Young's modulus of 17.4 x 10° psi at 293 K, a shear modulus of 
6.9 x 10° psi at 293 K, Poisson's ratio of 0.245 at 293 K, a modulus of rupture of 35 x 103 
psi at 293 K, a Knoop hardness of 619 kg/mm? with a 500 gram load, and a Knoop hardness 
of 698 kg/mm? with a 100 gram load. Thermal properties include a coefficient of linear 
expansion of 57 x 10°? C7 over a temperature range of 293 to 593 K, a mean thermal con- 
ductivity of 0.034 W cm C+ over a temperature range of 293 to 1093 K, a mean 
thermal diffusivity of 0.0127 cm? s over a temperature range of 293 to 1093 K, anda 


mean specific heat of 0.233 cal g! C+ over the temperature range of 298 to 673 K. 
Electrical properties include a loss factor of 0.8% at 293 K and a dielectric strength of 
350 volts rms mil at 293 K and 60 cps. 


a. Normal Spectral Emittance (Wavelength Dependence) 


There are four sets of experimental data available for the wavelength dependence 
of the normal spectral emittance of Corning 9606 as listed in Table 10-2 and shown in 
Figure 10-1. Specimen characterization and measurement information for the data are 


given in Table 10-1. 


The data for Corning 9606 covers a temperature range of 813 to 1403 K. Four sets 
of experimental also are available for another kind of Pyroceram known as Corning 9608 
which shows the same general trend as Corning 9606, but the values are different enough 
that using data of Corning 9608 to help in generating evaluated data for Corning 9606 is 
not justified. 


It is noted that the data for Corning 9606 are widely separated and, therefore, 
there is not enough factual evidence to justify giving evaluated values. 


The lines in Figure 10-1 connecting the data points are not meant to imply that they 
represent a smooth curve. The data for all eight curves in Figure 10-1 and Tables 10-1 
and 10-2 were extracted from tabular data. A smooth curve should not be drawn through 
the data points because of the widely spaced nature of the data. In addition, it is not 
justified to generate values for a plot of normal spectral emittance as a function of tem- 
perature for 3,8 and 10.6 ym. 


Data for the wavelength dependence of the normal spectral emittance of Corning 
9606 below 813 K and above 1403 K were not located. 
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b. Normal Spectral Emittance (Temperature Dependence) 


There is one set of experimental data available for the temperature dependence 
of the normal spectral emittance of Corning 9606 as well as three sets for Corning 9608, 
These data sets are tabulated in Table 10-4 and shown graphically in Figure 10-2, The 
specimen characterization and measurement information are given in Table 10-3, 


The one data set for Corning 9606 covers a temperature range of 1191 to 1456 K 
and for a wavelength of 0.665 ym. Because of the lack of data at 3.8 and 10.6 ym, no 
evaluated values can be given. 
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c. Normal Spectral Reflectance (Wavelength Dependence) 


There is one set of experimental data applicable to Corning 9606 and one to 
Corning 9608 for the wavelength dependence of normal spectral reflectance as listed in 
Table 10-7 and shown in Figures 10-3 and 10-4. Specimen characterization and measure- 
ment information for the data are given in Table 10-6. The data obtained by Olson and 
Morris [T10060] (curve 1) is applicable only at room temperature and only covers the 
wavelength range of 0.30 to 2.7 ym. Confirmatory data for Corning 9606 over this wave- 
length range is lacking and no data has been found in the wavelength range of 2.7 to 
15 ym. In addition, no data was located above room temperature for any portion of the 


wavelength range of interest. 


Provisional values for Corning 9606 are listed in Table 10-5 and shown in Figure 
10-3. The structure was kept at 1.36 and 1.78 ym because Corning 9608 also shows this 
structure which indicates the structure is characteristic of the Pyroceram class of 


materials. 


The context within which this set of provisional values is valid is the following: 
(1) they hold for room temperature, 293 K, (2) the geometrical conditions are that 
incidence is for near normal, specifically 8 = 9°, while the viewed conditions are over 
a hemisphere, i.e., 27, and (3) the wavelength range covered is from 0.3 to 2.7 ym. 
The estimate of the uncertainty is that for wavelengths between 0.35 and 2.7 ym it is 
thought to be of the order of 10% and for wavelengths less than 0.35 ym it would be larger 


in percentage value. 
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d. Hemispherical Spectral Transmittance (Wavelength Dependence) 


There are four sets of experimental data for the wavelength dependence of the 
hemispherical spectral transmittance of Pyroceram with two data sets applicable to the 
specific material of interest here in this report, i.e., Corning 9606, and two data sets 
to a different Pyroceram, Corning 9608. The data for these four sets are listed in 
Table 10-9 and shown in Figure 10-5. Specimen characterization and measurement in- 
formation for the data are given in Table 10-8. 


The two sets of measurements of Folweiler [T29570] (curves 1 and 2) for Corning 

9606 are both for room temperature. One set (curve 1) is for a specimen 0.005 inches 
thick and the second set (curve 2) is for a greater thickness of 0.016 in. As expected, 

the data for the greater thickness (curve 2) is less than the data for curve 1. The data 

for these two sets was given in tabular form and over widely spaced wavelengths. Because 
of this fact, no evaluated values are justified. It should further be pointed out that straight 
lines connecting the data points, as in Figure 10-5, are not meant to imply a smooth curve 
but are done that way for ease of visual presentation. 
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e. Normal Spectral Transmittance (Wavelength Dependence) 


A total of 23 sets of experimental data were located for the wavelength dependence 
of the normal spectral transmittance of Pyroceram. These data sets are listed in Table 
10-12 and shown in Figures 10-6 and 10-7, Specimen characterization and measurement 


information for the data are given in Table 10-11. 


Of the 23 data sets only nine are specifically for Corning 9606 with data of eight 
reported by Folweiler [T29570] (curves 1-8) and data of the ninth reported by Hobbs 
and Folweiler [T39365] , (curve 17). Data of curves 1 through 4 were given in tabular 
form and reported for integral wavelengths from 1 to 5ym. On the other hand, data 
of curves 5-8 were given in graphical form and hence the shape of the curves is known. 
Curves 5-8 cover the wavelength range of 1 to 5 ym and data are reported for 293, 770, 
900, and 1040 K. Data of curve 17 covers the wavelength region of 1 to 5 ym and is ap- 
plicable to a temperature of 293 K. 


Provisional values for 293 K and 1040 K are listed in Table 10-10 and shown in 
Figure 10-6 and apply to a specimen 3.18 mm thick. The values for 293 K are based 
on curve 5 while the values for 1040 K are based on curve 8. These values are called 
provisicnal because of the lack of much confirmatory evidence. The data of curve 17 
is disregarded because the preponderance of evidence shows the transmittance reaching 
zero at 5 ym (curves 1 and 5 in Table 10-12 and Figure 10-7 together with curves 1 and 
2 in Table 10-9 and Figure 10-5) whereas the data of curve 17 does not show this behavior. 
It is thought the uncertainty assigned to the two provisional curves is 20%. 
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f. Normal Spectral Transmittance (Temperature Dependence) 


No experimental data sets specifically for the temperature dependence of the 
normal spectral transmittance of Corning 9606 were found. However, from curves 5, 
6, 7, and 8 of the previous section (see Tables 10-11 and 10-12), the transmittance 
value at 3.80 ym is 0.485, 0.239, 0.263, and 0.219 at 293 K, 770 K, 900 K, and 1040 K, 
respectively. 
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4.11. Silica( Vitreous) 


This material is labeled " Silica( Vitreous)" in the above heading so that in 
alphabetization this material will fall under ''s". However, in this discussion the word- 


ing "vitreous silica'' will be used for ease in reading. 


Vitreous silica is a glass which is composed essentially of SiO,, The most general 
and unambiguous term that refers to the entire range of noncrystalline silica is vitreous 
silica. It is also known as fused silica, silica glass, and fused quartz. Additional in- 
formation is available concerning the terminology and naming [T76945, T76946, A00026]. 
The two general types of vitreous silica are transparent and nontransparent. The latter 
arises from microscopic bubbles in the material. The emphasis in this section is to 


give evaluated data for the transparent type of vitreous silica. 


Vitreous silica has many interesting physical properties. One source [T34753] 
gives a range for the melting point of 1950 to 2000 K while another source [A00017] iden- 
tifies the melting point as 1996 K. It boils at 2500 K. The density is about 2.2 gcm™~. 
One distinction for vitreous silica is that the coefficient of thermal expansion is among 
the lowest of all known materials. In the range of 273-573 K, the range for the linear 
expansion coefficient is between 5.4 and 5.6 x 107 C7, At approximately 293 K, Young's 
modulus is 730 kbar, the shear modulus 311 kbar, and Poisson's ratio 0.17. The Knoop 
hardness falls in the range of 545-575 kg mm™, 


a. Normal Spectral Emittance (Wavelength Dependence) 


A total of six sets of experimental data were located for the wavelength 
dependence of the normal spectral emittance of vitreous silica. The data are listed in 
Table 11-3 and shown in Figures 11-1 and 11-2. Specimen characterization and measure- 
ment information for the data are given in Table 11-2. 


Stierwalt [T16961] (curve 1) reported data for a specimen 0. 8&4 1am thick at a 
temperature of 313 K. Dumbaugh and Schultz [T76945] reported calculations of Parker 
for a 0.50 in. thick specimen at room temperature (curve 2) and also for a 0.250 in. 
thick specimen (curve 3). Champetier and Friese [A00012] reported data for Optosil 1 
at a temperature of 373 K for parallel polarization of the light emitted (curve 4), for 
perpendicular polarization (curve 5), and for unpolarized light (curve 6). 


Above 5 ym, all the data show the same general trend. From 5 to 6 ym the 
emittance is greater than 0.9. From that region the values fall, in the wavelength range 
of 8 to 9 ym, toa minimum. From the minimum, the values rise and above 11 ym the 
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values are greater than 0.85. In addition, above 5 ym the data of curves 1 and 2 are 
close together. The value of the wavelength at which the minimum occurs for two groups 
of data is different. For curves 5 and 6 (Honeywell data), the wavelength at which the 
minimum occurs is 8.3 jm while for curves 1 and 2 it is 8.9 jm. 


Calculations were carried out to determine the emittance for radiation that is 
polarized perpendicular to the plane of incidence (curves 7-9), the emittance for radi- 
ation that is polarized parallel to the plane of incidence (curves 10-12), and the emit- 
tance for unpolarized radiation (curves 13-15). The calculation for emittance with 
radiation polarized perpendicular to the plane of incidence was carried out in the follow- 
ing sequence: First the Fresnel equa‘ion for specular reflection for radiation polarized 
perpendicular to the plane of incidence was used, Eq. (2.4-1). Kirchhoff's law was 
then applied and Eq. (2.4-6) used to determine the emittance for radiation polarized 
perpendicular to the plane of incidence. The appropriate equations were used for radi- 
ation polarized parallel to the plane of incidence (see Eqs. (2.4-2) and (2.4-7)) and 
for unpolarized radiation (see Eqs. (2.4-5) and (2.4-8)). 


The calculations of the emittance, or absorptance, using Eqs. (2.4-6) through 
(2.4-8) are based on the fact the material is opaque, i.e., the transmittance is zero. 
Champetier and Friese [A00012) reported transmittance for a 1 mm thick specimen of 
Optosil 1 at 293 K from 3.7 to 16 ym and found it to be opaque (see curve 38, Table 11-23). 
Hence, direct evidence exists for opaqueness to 16 ym and, therefore, calculations were 
not carried out past 16 ym. 


The Fresnel equations are functions of the index of refraction n and the absorption 
index k as well as the angle of incidence 6. The index of refraction of vitreous silica 
is shown in Figure 11-3 and listed in Table 11-5. Specimen characterization and mea- 
surement information for the data of the index of refraction are given in Table 11-4. 
The absorption index of vitreous silica is shown in Figure 11-4 and listed in Table 11-7. 
Specimen characterization and measurement ii.formation for the data of absorption index 
are given in Table 11-6. Table 11-5 lists four places below the decimal point for wave- 
length values and five places below the decimal point for index of refraction values. If 
original data was given to more decimal places, the computer program generating Table 
11-5 truncated and dropped the additional digits. The original data of curve 2 was given 
for up to five places below the decimal point for wavelength values and the original data 
for wavelength values of curves 1, 3-7, and 12 was given for up to six places below the dec- 
imal point. The original data for index of refraction of curves 3-7 was given for six 
places below the decimal point. The index of refraction and the absorption index values 
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used in the calculations were taken from Champetier and Friese [A00012, p. 61]. The 
index of refraction from Champetier and Friese is curve 11 in Figure 11-3 and in Tables 
11-4 and 11-5; the absorption index is curve 3 in Figure 11-4 and Tables 11-6 and 11-7. 
The Champetier and Friese data is for a wavelength range of 7 to 26 ym, a temperature 
of 293 K, and is based on data in the literature. Below 9 pm it is based on the data of 
Zolotorev {T60820] and above 9 ym it is based on the data of Popova, Tolstykh, and 
Vorobev [E64849]. 


The calculations using the Fresnel equations were programmed and carried out 
for all wavelengths from 7 to 16 ym for which refractive index and absorption index data 
were given by Champetier and Friese. The calculations are valid for an optically smooth 
surface of vitreous silica, a temperature of 293 K, and a wavelength range of 7 to 16 ym. 
The lower range of the calculations were 7 ym since the data of the index of refraction and 
absorption index needed in the Fresnel equations only started at 7 ym. Optically smooth 
means the surface is "smooth in comparison with the wavelength of the incident radiation 
so that specular reflections result" [p, 111, T52053]. 


Because of the comment made in (A00012] questioning the validity of the data 
reported as curves 4, 5, and 6, this data was disregarded in developing evaluated values. 
A set of provisional values for vitreous silica at 293 K is listed in Table 11-1 and shown 
in Figure 11-1. Below 7 ym the provisional values are based on curve 2 and, therefore, 
apply to a 0.50 in. thick specimen of Corning 7940 vitreous silica. From 7 to 16 um, 
the provisional values were calculated for unpolarized radiation, The calculated provis- 
ional values hold for an optically smooth specimen at 293 K that is opaque and has a 
viewing angle of 0°. 


Because of the index of refraction and absorption index data are not themselves 
fully evaluated, the calculated emittance is called provisional. Below 7 ym the val- 
ues for Corning 7940 do not have supporting evidence and it is only justified in labeling 
them provisional. Another reason for calling the calculated values above 7 ym provisional 
is that these values are close to curve 2 but do differ. An uncertainty of within 30€ is 
therefore assigned to the provisional values. The provisional value at 10.6 ym of the 
normal spectral emittance at 293 K is 0.89. It is noted that high temperature normal 
spectral emittance data was not located, 
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b. Angular Spectral Emittance (Wavelength Dependence) 


A total of 11 sets of experimental data were located for the wavelength dependence 
of the angular spectral emittance of vitreous silica. The data are listed in Table 11-10 
and shown in Figures 11-5 and 11-6. Specimen characterization and measurement in- 


formation for the data are given in Table 11-9. 


All 11 sets apply to Optosil 1 and were measured at a specimen temperature of 
373 K using the Honeywell spectral emissometer. The :ninima in the curves are closer 
to 8 ym than 9 ym which was the same phenomenon observed for Honeywell data in the 


normal spectral emittance section. 


A set of provisional values for optically smooth vitreous silica at 293 K, a viewing 
angle @' of 40°, and a wavelength range of 7.0 to 16.0 yum is listed in Table 11-8 and 
shown in Figure 11-5. The values were calculated using Eqs. (2.4-1) to (2.4-5) and 
Eq. (2.4-8). Equation (2.4-8) includes Kirchhoff's law equating the emittance to the 
absorptanc:. The index of refraction and absorption index data were taken from Champetier 
and Friese [A00012) as mentioned in the section on the wavelength dependence of the 
normal spectral emittance. Because the index of refraction and absorption index data 
are themself not evaluated and because good experimental data has not been located, 
the values for the angular spectral emittance are called provisional with an uncertainty 
which is thought to be within 30%. 
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c. Normal Spectral Reflectance (Wavelength Dependence) 


A total of 16 sets of experimental data were located for the wavelength 
dependence of the normal spectral reflectance of vitreous silica. The dataare listed in 
Table 11-13 and shown in Figures 11-7 and 11-8. Specimen characterization and mea- 
surement information for the data are givenin Table 11-12. Calculations were carried 
out using the Fresnel equations for specular reflection, Eqs. (2.4-1), (2.4-2), and 
(2.4-5). These calculations appear as curves 17 to 25 in Tables 11-12 and 11-13 and 
in Figures 11-7 and 11-8. 


The data above 7 ym shows a general trend. It rises sharply above 7.4 ym to 
a peak at about 9 ym and then decreases to about 0.1 at 12 ym. All the data is for room 
temperature, with the exception of Gaskell's [T39543] which were measured at upto 1173K. 


Provisional values are listed in Table 11-11 and shown in Figure 11-7. One curve 
is based on calculations using the Fresnel equations and is valid with the context of an op- 
tically smooth specimen, a temperature of 293K, unpolarized radiation, a wavelength range 
of 7 to 16.0 ym, an angle of incidence, 9, of 0°, and a viewing angle, 6', of 0°. The 
calculated values and curve 16 differ by about 30% at 12.8 ym and, therefore, the un- 
certainty for these provisional values are within 30%. A provisional curve for 1173 K 
is also given with a wavelength range of validity between 7.7 and 14 ym. These values 
are also listed in Table 11-11 and shown in Figure 11-7. These values are based on 
curve 10 and an uncertainty of 30% is assigned because of the lack of confirmatory data. 
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d. Normal Spectral Reflectance (Temperature Dependence) 


No experimental data sets were found for the temperature dependence of the normal 
spectral reflectance of vitreous silica. However, a provisional curve was generated for 
10.6 ym from curves 5-10 of Tables 11-12 and 11-13 together with the provisional values 
at 293 K for the wavelength dependence of the normal spectral reflectance. The values 
are listed in Table 11-14 and shown in Figure 11-9. An uncertainty of within 304 is 
assigned. It is noted that from 293 to 1173 K, there is an increase in the normal spectral 
reflectance. 
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e. Angular Spectral Reflectance (Wavelength Dependence) 


A total of 32 sets of experimental data were located for the wavelength 
dependence of the angular spectral reflectance of vitreous silica. One additional data 
set for synthetic quartz was located and included. The dataare listed in Table 11-17 and 
shown in Figures 11-10 and 11-11. Specimen characterization and measurement informa- 
tion for the data are givenin Table 11-16. Curves 20 and 21 are not shown on Figures 11-10 
and 11-11, since the computer plotting routine cannot plot 33 curves. 


The data above 1 ymareallfor 293 K and is widely spaced. Lines connecting such 
widely spaced points (see Figure 11-11) do not imply a smooth curve connecting the points 
but are used for ease in visualizing the points belonging to the same curve. 


Using the Fresnel equations, a set of provisional values was generated for angular 
spectral reflectance for unpolarized radiation (see Eqs. (2.4-1)-(2.4-5)). The values 
are for angles of incidence and reflection of 40°, for a temperature of 293 K, and hold 
within the wavelength range of 7. 0-16. 0 ym for an optically smooth specimen. The pro- 
visional values are listed in Table 11-15 and shown in Figure 11-10. An uncertainty 
within 30% is assigned. 
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f. Normal Spectral Absorptance (Wavelength Dependence) 


One set of experimental data was lovated for the wavelength dependence of 
the normal spectral absorptance of vitreous silica. In addition, two sets of experimental 
data for crystalline quartz was located. The data are listed in Table 11-20 and shown 
in Figures 11-12 and 11-13. Specimen characterization and measurement information 
for the data are given in Table 11-19. 


The data of Bogdan (T27141] (curve 3) is for a temperature of 293 K and covers 
a wavelength range of 0.8 to 2.60 ym. That data was calculated from reflectance and 


transmittance data. 


Calculations were carried out to determine the wavelength dependence of the normal 
spectral absorptance for radiation that is polarized perpendicular to the plane of incidence 
(curves 4-6), the absorptance that is parallel to the plane of incidence (curves 7-9), 
and the absorptance for unpolarized radiation (curves 10-12). The calculations used 
the Fresnel equations, Eqs. (2.4-1)-(2.4-5), together with Eq. (2.4-8). For a dis- 
cussion of the index of refraction and absorption index data that were used in the calcu- 
lations, see the section on the wavelength dependence of the normal spectral emittance. 


Provisional values for the wavelength dependence of the normal spectral absorptance 
were generated. The values are listed in Table 11-18 and shown in Figure 11-12. 
The values here were equated to the provisional values for the wavelength dependence 
of the normal spectral emittance. Below 7 ym the provisional values apply to a 0. 50 in. 
thick specimen of Corning 7940 vitreous silica at 293 K and Kirchhoff's law was used to 
equate the normal spectral absorptance to the normal spectral emittance, Above 7 ym the 
provisional values are the calculated values using the Fresnel equations for unpolarized 
radiation, Eqs, (2.4-1)-(2.4-5) and (2.4-8). The calculated values hold for an optically 
smooth specimen at 293 K that is opaque and the angle of incidence is 0°. An uncertainty 
of 30% is assigned. For more details see the section on the wavelength dependence of 
the normal spectral emittance for vitreous silica. The value of the normal spectral ab- 
sorptance at 10.6 ym and 293 K is 0.89. 
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g. Angular Spectral Absorptance (Wavelength Dependence) 


No experimental data sets were found for the wavelength dependence of the angular 
spectral absorptance of vitreous silica. However, aset of provisional values is listed 
1 Table 11-21 and shown in Figure 11-14. The values were calculated using the Fresnel 
equations for specular reflection for unpolarized radiation (see Eqs. (2. 4-1) -(2.4-5) 
and (2.4-8)). The context within which the provisional values are valid is a temperature 
of 293 K, a wavelength range of 7.0 to 16.0 ym, an angle of incidence, @, of 40°, and an 
optically smooth specimen. An uncertainty of within 30% is assigned. See the section on 
the wavelength dependence of the angular spectral emittance for more discussion of 
the reasoning for the assignment of this uncertainty. 
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h. Normal Spectral Transmittance (Wavelength Dependence) 


A total of 38 sets of experimental data were located and processed for 
the category of the wavelength dependence of the normal spectral transmittance of vitreous 
silica. Thedata are listed in Table 11-24 and shown in Figures 11-15 to 11-18. Specimen 
characterization and measurement information for the data are given in Table 11-23. 
The plots of the raw data connected by lines is broken up into two figures, Figure 11-17 
and 11-18. The reason for this is that the plotting routine can only plot 32 curves without 
repeating a symbol used to plot a curve. Therefore, it was decided to plot curves 1 through 
30 on Figure 11-17 and curves 31 through 38 on Figure 11-18. The same idea was used 
in showing the provisional values against the background of data points in Figures 11-15 
and 11-16. 


With the exception of the work of Gillespie, Olsen, and Nichols [T38674] (curves 
2-5) and Kroeckel [T31344] (curves 34-36), all the reported data are for room temper- 
ature. Most of the room temperature data show the usual behavior - a transmittance 
over 80% between 1 and 2 ym and a cut off between 4 and 5 ym. The data not showing 
this behavior are for a specimen 0.022 mm thick (curves 15 and 16), a specimen 6500 h 
thick (curve 17), opal (curve 18), silica gel (curve 20), and fused quartz in 2 gm poly- 
ethylene binder (curve 21). 


A strong word of caution needs to be expressed concerning the absorption band 
that can exist in the area of 2.3 to 2.9 ym. The decrease in transmittance due to this 
absorption band can be very large (see curves 22, 24, and 26) or barely exist (see curve 


25). This decrease depends on the type of vitreous silica. 


Provisional values, for various situations, are listed in Table 11-22 and shown 
in Figures 11-15 and 11-16. One set of values is for Dynasil 1000 and holds for a 10 mm 
thick specimen at 293 K with a coverage of wavelength from 0.157 to 4.39 ym. Another 
is applicable to a 1 mm thick specimen of Optosil 1 at 293 K. The transmittance is less 
than 0.005 from 5 to 16 ym. The only high temperature data that includes 3.8 ym is 
the data of Gillespie [T38674] (curves 1.-5) for the G.E. type 106 fused quartz kind of 
vitreous silica. To cover the effect of temperature, two provisional curves for G.E. type 
106 fused quartz are given. Both are for a 2.8 mm thick specimen and polished. One 
curve is for a temperature of 373 K and the other is for 673 K. An uncertainty of within 30% 
is assigned to all these curves because the transmittance values are low in some places 
with a consequently high percentage and because tl.ere is not confirmatory data for indi- 
vidual data sets. 
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i. Normal Spectral Transmittance (Temperature Dependence) 


No experimental data sets were found for the temperature dependence of the normal 
spectral transmittance of vitreous silica. However, a provisional curve was arrived at 
for the G.E. type 106 fused quartz kind of vitreous silica for 3.8 ym by using curves 
1-5 from the previous section on the wavelength dependence of the normal spectral trans- 
mittance. The values are listed in Table 11-25 and shown in Figure 11-19. The provis- 
ional values are valid for a 2.8 mm thick specimen of polished G.E. type 106 fused quartz 
at 298, 373, 473, 573, and 673 K. 
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4,12. Silicon 


Silicon crystallizes in a face centered cubic crystal of the A4 diamond type which 
is very stable from 293-1573 K. The lattice parameter of high purity silicon is 5.43089 h 
at 296 K [E30683] and 5.445 A at 1573 K [A00007]. Its density is 2.42 g cm™? at 293 K. 
At 300 K, the intrinsic resistivity of very high purity silicon is about 2.5 x 10° ohm-cn., 
The energy band gap is 1.1 eV. Silicon melts at 1687 K and boils at about 2753 K. Below 
1273 K it is a brittle material, but it can be caused to undergo substantial plastic defor- 


mation at higher temperatures. 


The thermal radiative properties of silicon depend on the method used in producing 
the crystal, especially in the 9 ym region where the presence of occluded oxygen causes 
a broad absorption band. In general, the bulk oxygen content is high for crystals grown 
by the Czochralski method and other methods where there is direct contact between the 
molten silicon and silica containers, and the 9 ym peak will be correspondingly higher 
for these crystals. Floating zone or pedestal methods have been developed in order to 
circumvent the problem of contamination of the crystal by the container. Oxygen is 
known to be present in Czochralski-grown crystals in concentrations in the range (0. 5- 
2.0) x 10'8 atoms cm™3, Crystals grown by float zone and pedestal methods contain 
essentially no oxygen. Pagot [E65870] and Hu and Patrick [E66704] have discussed 
various methods of determining the bulk oxygen content of a crystal and have examined 
the effect of bulk oxygen on the magnitude of the 9 jm absorption band in crystals grown 
by the different methods. 


The thermal radiative properties of silicon may be altered by surface oxidation 
as well as by bulk oxygen occluded in crystal growth. Silicon oxidizes rapidly at room 
temperature to form a protective layer of silica about 10 A thick, More complete oxi- 
dation begins at 920 K but is not rapid up to about 1500 K. The oxide layer is amorphous 
to about 1500 K, crystalline above 1500 K, and is somewhat volatile above 1873 K. 
Silicon semiconductor devices are generally protected with a silica layer by oxidizing 
at 1400-1600 K, 


Silicon is used as the starting material for silicone resins, oils, and elastomers 
and as an alloying element to strengthen aluminum, magnesium, copper and other metals. 
It has a deoxidizing effect on steel and in relatively ]«rge concentrations it confers 
chemical inertness on ferrous alloys. High purity silicon is used in semiconduction 
devices such as rectifiers and transistors, and in solar batteries. High purity silicon 
has also been studied for use as an infrared dome material for small air to air missiles 
(T10703]. For this prupose it can be used in the 1-12 ym range up to about 520 K. Above 
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this temperature it becomes increasingly opaque due to absorption by free carriers 
thermally excited to the conduction band, Extremely small amounts of impurities greatly 
curtail its transmittance. For dome construction, the most feasible fabrication method 
appears to be a form of shell casting [T48097]. The transmittance of the castings was 
found to be similar to grown polycrystalline material. Vapor deposited domes have im- 
proved transmission characteristics in the 9 ym region due to a lesser bulk oxygen 
ccntent, but their transmission in the 1-8 ym region was found to be considerably lower 
than that of cast domes due to scattering by voids in the silicon about 1 ym in diameter 
([T48097]. In applications as infrared optical components, silicon is normally coated 
with other materials in order to reduce reflection losses at desired wavelengths. 


The electrical and thermal radiative properties of silicon are significantly 
changed by additions of small amounts of impurities or dopants. Elements of the third 
group of the periodic table (boron, aluminum, indium, gallium) can be added to pure 
or intrinsic material to produce p-type silicon which conducts current by migration of 
electron vacancies or holes. The int ~duction of Group V elements (arsenic, antimony, 
phosphorus) produces n-type silicon in which current is carried by migration of extra 
electrons, The resistivity of silicon is greatly reduced by addition of these impurities, 
to as low a value as 10-4 ohm-cm, Although very pure silicon with a room temperature 
resistivity of the order of 105 ohm-cm and which becomes an intrinsic conductor at as 
low a temperature as 313 K has been produced, the term “high resistivity silicon" in 
the following discussion has generally been applied to silicon with a room temperature 
resistivity of 5 ohm-cm or greater, 


The absorption mechanisms responsible for the main thermal radiative charac- 
teristics of silicon can be clagsified into four different types [T48288]: i) intrinsic 
absorption associated with excitation of electrons from the valence band to the conduction 
band across the energy gap; ii) absorption associated with impurities or defects in the 
lattice; iii) absorption due to the presence of free carriers; and iv) absorption due to 
lattice vibrations. Intrinsic absorption accounts for the sharp increase of the emittance 
and sharp decrease of the transmittance of silicon at around 1 ym. At longer wavelengths, 
the radiation has insufficient energy to excite an electron across the energy gap, and the 
absorption and emittance are low with correspondingly high transmittance. In the 6-15 ym 
wavelength range, absorption bands associated with lattice vibrations are evident. At 
room temperature, absorption due to free carriers is not great for silicon of ordinary 
purity, but as the temperature is raised, the silicon becomes intrinsic as electrons are 
thermally excited to the conduction band, The free carrier absorption increases rapidly 
with temperature and finally becomes the dominant absorption mechanisin, 
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It should be noted that the following sections concentrate on pure silicon with 
relatively low dopant levels, The experimental data for doped silicon samples shown 
in the following tables and figures by no means represent an exhaustive coverage of the 
available data for doped samples in the 1-15 ym range. 


a. Normal Spectral Emittance (Wavelength Dependence) 


Fifty-one experimental data sets for the wavelength dependence (1-14 ym) of the 
normal spectral emittance of silicon covering the temperature range 77-1075 K are 
shown in Table 12-3 and Figures 12-2 and 12-3. Of the 51 data sets, 30 sets are for 
specimens with relatively low dopant levels and high resistivities. Data for relatively 
pure specimens are shown in Figure 12-2 and for doped, low resistivity specimens in 


Figure 12-3. 


Silicon is a partially transparent material to which the McMahon [(T20468] 
relations (Eq. 2.6-10 to 2.6-12) apply. As the relations indicate, the normal spectral 
emittance of silicon depends on the thickness of the specimen, unless the specimen is 
thick enough or at high enough temperatures to ec opaque. In this case, the normal 
spectral emittance is given by Eq. 2.6-1, where p(A, T) is the single surface reflectance 
given by Eq. 2,4-11 and Eq. 2.6-6, For high purity silicon in the 2-15 ym wavelength 
range, the index of absorption is small compared to the refractive index and can be 
neglected in Eq. 2.4-11. Both measurements of the refractive index and of the reflec- 
tance of opaque specimens indicate that the single surface reflectance of polished, high 
purity silicon at room temperature has a nearly constant value of 0.30 over the entire 
2-15 zm wavelength range. The room temperature emittance of a polished, opaque 
specimen of relatively pure silicon can therefore be given as 0,70 in the 2-15 ym region. 
The uncertainty of this value should not be greater than + 54%. 


The normal spectral emittance of transparent specimens of rel»tively pure silicon 
has been extensively investigated by Stierwalt [T16961, T28823] (curves 25-38) Stierwalt 
and Potter [T32537] (curves 4-9) and Sato [T41640] (curves 39-45). Stierwalt, inves-~ 
tigating primarily the emittance due to lattice vibrations, observed emission bands at 
5.85, 7.0, 7.8, 9.0, 10.4, 11.3, 12.25, 12.8, and 13.6 ym. Both n-type and p-type 
silicon show the same emission bands, The 9 ym band is due to bulk oxygen impurities. 
Stierwalt found that the 9.0 and 11.3 ym bands shift to longer wavelengths as the tem- 
perature is increased, the shift being about 0.1 ym when the temperature was raised from 
333 t 433 K. Sato and other investigators have observed similar lattice emission bands. 


Sato found, from measurements ona 15 ohm-cm, n-type specimen, that the lattice emission 
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increases with temperature from 340 K, reaches a maximum at 493 K, and then decreases 
with further increasing temperature. 


The recommended values for 330 K shown in Table 12-1 and Figure 12-1 are based 
on Stierwalt's data (curve 25) for a 2.03 mm thick, n-type, 30-60 ohm-cm silicon single 
crystal. In the 1-3 ym region, the recommended values were generated in a manner 
consistent with transmittance and reflectance data and with ihe general trend of Sato's 
data for higher temperatures, Stierwalt's data were not followed closely in the 9 ym 
region; rather, an average peak height was chosen for the emission band due to occluded 
oxygen, because the height of the peak is known to vary greatly according to the method 
used to grow the crystal. Stierwalt also performed measurements (curves 4-9, 31-34) 
on two 1.68 mm thick, p-type samples of similar resistivity. In the 7-14 ym region, 
these samples show a lower emittance than the slightly thicker n-type sample. Thus, 
the 330 K recommended values may be considered to apply to a 2 mm thick, n-type 
silicon single crystal of relatively high purity and resistivity. They do not apply to 
highly doped specimens. 


The uncertainties of the values recommended for 330 K vary according to the 
wavelength. Due to the rapid increase in emittance near the absorption edge (1-1.5 ym), 
the values in this region must be considered typical only; their uncertainty may be as 
great as 50%, In the 2-5 ym region, the emittance is very small, varying from about 
0.01 to 0.03 for the n-type and p-type specimens with thicknesses of about 2mm. In 
the 6-14 ym range, the uncertainty should not be greater than + 15%, with the exception 
of the 9 ym emission peak, where experimental measurements for crystals grown by 
different methods may differ from the tabulated values by as much as 80-904, 


The recommended values for 1075 K shown in Table 12-1 and Figure 12-1 are 
based on Sato's data (curve 45) for a 1.77 mm thick, n-type, 15 ohm-cm single crystal. 
At this high temperature, silicon is opaque in the 2-15 ym range, and absorption due to 
free carriers dominates the lattice absorption. Sato's data shows that the normal spectral 
emittance is within + 54 of 0.710 over the entire 2-15 ym range, This value for the 
emittance, along with Eq. 2.6-1 for opaque materials, gives a single surface reflectance 
of 0.290 at 1075 K, which compares favorably with the room temperature value of 9, 30. 
Because of the high temperature opacity of silicon, the 1075 recommended values are 
applicable to relatively pure, high resistivity, single crystal silicon of any thickness. 

The uncertainty of the recommended values should not exceed + 84%, 


No recommendations have been made for highly doped p-type or n-type specimens. 
The normal spectral emittance of silicon specimens which are sufficiently doped to be 
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opaque can be calculated by use of the free carrier ahsorption theory. Using this theory, 
Sato [T41640] performed calculations (curves 50, 51) at 543 and 893 K which show good 
agreement with experimental data (curves 46, 49) for an n-type specimen. Calculations 
performed by Liebert {[T47262], showed agreement with experimental data to within 14%, 
for both n-type and p-type specimens for temperatures from 300 to 1075 K and wave- 
lengths from 3.5 to 14.8 ym. The Hagen-Rubens theory is inadequate for doped silicon 
in the 1-15 ym region [T47262] . 
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b. Normal Spectral Emittance (Temperature Dependence) 


Only five papers have reported the normal spectral emittance of high purity silicon 
at higher than room temperatures. Only three of the five have reported measurements 
in the 1-15 ym range. The available experimental data, covering a temperature range 
from 300-1075 K, are shown in Figure 12-5 and Table 12-6. The data of curves 5 through 
18 were obtained by reading points from the spectral curves of Section 12.4.a at the se- 
lected wavelengths of 2. 8, 2.8, 5.0, and 10.6 ym. 


The recomn:ended veiues shown in Table 12-4 and Figure 12-4 are based on the 
data of Sato [T41640] (curves 11-14) at tempezatures above 550 K and on the data of 
Stierwalt [T16961] (curves 5-10) and Stierwalt and Potter [T32537]) (curves 15-18) be- 
low 550K. The samples used by Stierwalt and Stierwalt and Potter were high resistivity, 
2.03 mm thick (n-type) and 1.68 mm thick (p-type) single crystals, while Sato's sample 
was a 1.77 mm thick, n-type single crystal. The tabulated values for the selected wave- 
lengths were obtained by drawing an average curve through the data for the 2.03 and 
1.68 mm thick samples in the 300-550 K range and smoothly joining it to the higher tem- 
perature data for the 1.77 mm thick sample. Consequently, at the lower temperatures, 
the tabulated values are applicable only to samples about 2 mm thick. However, at tem- 
peratures above about 800 K, silicon of ordinary purity becomes opaque to radiation in 
the 2-15 ym range and the normal spectral emittance no longer depends on the thickness 
of the sample. Above about 800 K, therefore, the tabulated values are applicable to pol- 
ished high resistivity, single crystals of any thickness. In this temperature region, 
the emittance converges to a value of about 0.710 for all wavelengths in the 2-15 ym re- 
gion. Sato's measurements show that this value does not vary significantly with increas- 
ing temperature in the 900-1100 K range. Assuming that this trend continues, the constant- 


valued curves have been extended, provisionally, to 1600 K. 


The 0.710 value of the emittance for opaque specimens gives a value of 0.290 
for the single surface reflectance. As mentioned in the previous section, a variety of 
experimental evidence confirms a value of 0.30 for the single surface reflectance of 
polished relatively pure silicon at room temperature for 2-15 ym radiation. This sup- 
ports the high temperature emittance values, if the single surface reflectance does not 
vary greatly with temperature. Measurements of the absorption coefficient and refrac- 
tive index at high temperatures indicate that the single surface reflectance does indeed 


maintain a value near 0.30 at high temperatures. 


The tabulated values for 2.8, 3.8, and 5.0 ym in the 300-700 K range must be 
considered typical only. Their percentage uncertainty is high (as great as 80-90%) both 
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because of the method used to generate them and because the emittance is very small 
in this range. The uncertainty of the values for 10.6 ym radiation should not exceed 
+15% in the 300-700 K range. From 800-1100 K, the uncertainty of the values for all 
wavelengths is believed to be no greater than + 8%. From 1100-1600 K, the values are 
extrapolated, but should be accurate to within 30%. 
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c. Normal Spectral Reflectance (Wavelength Dependence) 


Twenty-four experimental data sets for the wavelength dependence (1-14 jm) 
of the normal spectral reflectance of silicon are shown in Table 12-9 and Figure 12-7. 
All of the measurements were made at room temperature for single crystal specimens, 
Of the 24 data sets, 8 sets are for specimens of relatively high purity. 


The recommended values for 330 K shown in Table 12-7 and Figure 12-6 were 
calculated from ‘be recommended values for the normal spectral emittance at 330 K 
by use of the McMahon (T20468]} relations (Eq. 2.6-10 to 2.6-12). Equation 2. 6-12 
for the normal spectral emittance, ¢€, can be rearranged to yield 


GAG a ed e 
ad = In( +R =2e ) (4.12-1) 


where a is the absorption coefficient, d is the thickness, and R is the single surface 
reflectance of a plane-parallel specimen. As discussed in the previous sections, the 
single surface reflectance (i.e., the reflectance of an opaque specimen) of silicon near 
room temperature is 0.30 in the 2-15 ym range. Using this value, and the recommended 
emittance values, ad was calculated from Eq. 4. 12-1 and used in the McMahon relation 
(Eq. 2.6-11) to determine the normal spectral reflectance. The 330 K values are 
applicable to a 2 mm thick, silicon single crystal of relatively high purity and resistivity. 


In the 1. 5-8 ym wavelength range, the 330 K recommended values agree with the 
data of Vasilev, et al. [T49418] (curve 24) and Fray, et al. [T41607] (curves 20, 21) 
to within 5% and with the data of Sato [T41640] (curve 22) to within 10%. These inves- 
tigators did not specify the thickness of their samples. In this wavelength range, the 
normal spectral emittance is quite low and the normal spectral reflectance approaches 
the 0. 46 value predicted by the McMahon relations for negligible absorption and emission. 
It is worthwhile to note that the 0.46 value is accurate to within 15% for any specimen 
whose emittance is 0.20 or less. According to measurements by Stierwalt [T32537] 
(curves 8,9 of Section 4.12.a), this criteria is satisfied in the 2-6.5 ym range by 
specimens as thick as 13 mm, so the recommended values are applicable to a rather 
wide range of thicknesses in the 2-6.5 ym range, In the 1.5-8 ym range, the uncertainty 
of the 330 K recommended values should not exceed + 10%, In the 8-14 ym wavelength 
range, there is no experimental reflectance data which can be meaningfully compared 
with the recommended values. However, the uncertainty of the values in this range is 
believed to be no greater than+ 15%. The uncertainty may be greater in the 9 ym region 
due to differences between crystals in the bulk oxygen content. 
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The 1075 K recommended values were obtained from the normal spectra] emittance 
data of Sato [T41640] (curve 45 of Section 4.12.a). Silicon of ordinary purity is opaque 
in the 2-15 jm region at this high temperature, because of absorption due to free carriers, 
and the sum of the normal spectral emittance and the norm:l spectral reflectance is 
unity. The values are applicable to plane-parallel, polished, silicon single crystals 
of relatively high purity and of any thickness. The uncertainty of the 1075 K recommended 
values is believed to be within + 10% in the 2-15 ym wavelength range. 


For applications as infra-red optical components, silicon is often coated with 
other materials designed to reduce reflection losses in specified wavelength ranges. 
The thermal radiative properties of these systems of silicon plus anti-reflection coatings 
may be markedly different from those of silicon alone. Surface oxide layers produced by 
high temperature atmospheric heating of silicon also alter the reflectance properties, as 
shown by curves 22 and 23 by Sato [T41640]. 


The reflectance of silicon may change greatly when it is strongly excited by laser 
radiation. Bobrova, et al. [T76806] measured the reflectance at 10.6 ym of a high re- 
sistivity silicon specimen under excitation by a ruby laser (0.6943 ym). They found 
that the reflectance first decreased from 0.30 to 0.19, and then increased to 0.50 as 
the excitation intensity was increased. The minimum reflectance occurred at an exci- 
tation intensity of about 1024 kW cms. Birnbaum and Stocker [A000029] found that 
the reflectance at around 0.5 ym (argon-ion laser) of a silicon specimen under excita- 
tion by a ruby laser increased by as much as 60%. Other investigators [A000031, T77096, 
T36227, T35800, T36304] have observed similar changes in silicon and other semicon- 
ductors. Gauster and Bushnell [T37021] and Reintjes and McGroddy [T77510] have 
observed related increases in the absorption of silicon when excited by laser radiation. 
These effects have been attributed both to the presence of a thin metallic surface layer 
produced by melting and to the presence of a high concentration of non-equilibrium charge 
carriers generated by the laser radiation. 
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d. Normal Spectral Absorptance (Wavelength Dependence) 


*-No experimental data for the normal spectral absorptance of silicon have been 
reported as such. However, Kirchhoff's law, stating that the absorptance of a specimen 
is equal to its emittance, is valid for normal spectral properties. Consequently, the 
values recommended for the normal spectral emittance of silicon in Section 4.12.a are 
repeated in Table 12-10 and Figure 12-8, The 330 K recommended values apply to a 
2mm thick, n-type single crystal of relatively high purity and resistivity. The 1075 K 
recommended values are applicable to relatively pure, high resistivity, single crystal 
silicon of any thickness. The uncertainties of the tabulated values were discussed in 
Section 4,12.a. 
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e. Normal Spectral Absorptance (Temperature Dependence) 


No experimental data for the temperature dependence of the normal spectral 
absorptance of silicon have been reported as such. However Kirchhoff's law, stating 
that the absorptance of a specimen is equal to its emittance, is valid for normal spectral 
properties. Consequently, the values recommended for the normal spectral emittance 
of silicon in Section 4.12.b are repeated in Table 12-11 and Figure 12-9. As discussed 
in Section 4.12.b, the tabulated values are applicable only to samples about 2 mm thick, 
at the lower temperatures. Above about 800 K, however, the values are applicable 
to polished, high resistivity, single crystals of any thickness because of silicon's high 
temperature opacity. The values above 1100 K are extrapolated. The uncertainties of 
the tabulated values were discussed in Section 4.12.b. 
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f. Normal Spectral Transmittance (Wavelength Dependence) 


Thirty-one experimental data sets for the wavelength dependence of the normal 
spectral transmittance of silicon covering the temperature range 20-673 K are shown 
in Table 12-14 and Figure 12-11. Of the 31 data sets, 27 sets are for specimens of 
relatively high purity. 


The recommended values for 330 K shown in Table 12-12 and Figure 12-10 were 
calculated from the recommended values for the normal spectral emittance at 330 K by 
use of the McMahon [T20468] relations (Eq. 2.6-10 to 2.6-12). Equation 2. 6-12 for 


the normal spectral emittance, €, can be rearranged to yield 


(4.12-1) 


ad = In( +2 Re —Re ) 


l1-¢ -R 
where a is the absorption coefficient, d is the thickness, and R is the single surface 
reflectance of a plane-parallel specimen. As discussed in previous sections, the single 
surface reflectance of silicon is 0.30 in the 2-15 ym range. Using this value, and the 
recommended emittance values, the product ad was calculated from Eq. 4. 12-1 and 

used in the McMahon relation (Eq. 2.6-10) to determine the normal spectral transmittance. 
The recommended values are applicable to a 2 mm thick, silicon single crystal of 
relatively high purity and resistivity. 


In the 1. 5-6.5 ym wavelength range, the normal spectral emittance of a 2 mm 
thick sample is quite low, and the normal spectral transmittance approaches the 0. 54 
value predicted by the McMahon relations for negligible absorption and emission and a 
single surface reflectance of 0.30. It is worthwhile to note that the 0. 54 value is accurate 
to within 15% for any specimen whose emittance is 0.13 or less. According to measurements 
by Stierwalt (T32537] (curves 8, 9 of Section 4,12.a), this criteria is satisfied in the 
2-6.5 ym range by specimens as thick as 13 mm, so the recommended values are appli- 
cable to a rather wide range of thicknesses in the 2-6.5 ym range. In the 1.5-6.5 ym 
range, the recommended values agree to within + 5% with the data of Labaw, et al. (T27345] 
(curve 7) for a 6.4 mm thick specimen; Cox, et al. [T46£43] (curve 9) for a 1.5 mm 
specimen; Kraushaar [(T10703] (curve 11) for a 4.16 mm specimen; Fray, et al. [T41607] 
(curves 15, 16) ; Sherman and Coleman [T64446] (curve 28); and Vasilev, et al, (T49418] 
(curve 30). They agree to within + 10% with the data of Gillespie, et al. [T20810] (curves 
2,3) for a 2.79 mm thick specimen; Kraushaar [T10703] (curve 10) for a 0.66 mm 
specimen; DeWaardand Weiner (T36371] (curve 19) for an 11 mm specimen; Meyer 
[E58966] (curve 29); and Beam, et al. [T28949] (curve 31). The uncertainty of the 
330 K recommended values is believed to be within + 104 in the 1. 5-6.5 pm wavelength range. 
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In the 6. 5-15 ym range, absorption is no longer negligible, and the transmittance 
depends more strongly on the thickness of the specimen. In this region, the data of 
Gillespie, et al. [T20810] (curve 2) for a 2.79 mm thick specimen agrees with the 
recommended values to within + 10%, as does the data of Salzberg and Villa [E3900} 
(curve 32). The uncertainties of the 330 K recommended values should be within + 15% 
in the 6.5-15 ym range. As mentioned previously, the values reported in the 9 ym 
region should be considered typical only because of large differences in the amount 
of oxygen occluded in the process of growing single crystals by different techniques. 
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g. Normal Spectral Transmittance (Temperature Dependence) 


The available experimental data for the temperature dependence of the normal 
spectral transmittance of silicon are shown in Table 12-17 and Figure 12-13. Only 
Gillespie, et al. [T20810] (curves 1-4) and Kraushaar (T10703] (curves 5-7) have 
reported the normal spectral transmittance above room temperature. The data of these 
curves were obtained by reading points from the spectral curves of Section 12.4.f at 
selected wavelengths of 2.8, 3.8, 5.0, and 10.6 ym. 


In the 300-700 K temperature range, the recommended values shown in Table 
12-15 and Figure 12-12 were calculated from the recommended values for the normal 
spectral emittance given in Section 4. 12.b by use of Eq. 4.12-1 and the McMahon 
relation (Eq. 2.6-10), ina manner similar to that described in the preceding section. 
Refractive index and absorption coefficient measurements indicate that the single sur- 
face reflectance does not vary greatly with temperature, and the room temperature 
value of 0.30 was assumed to hold at higher temperatures. The recommended values 
are subject to the same restrictions as discussed in Section 4. 12.b; they apply only to 
polished, plane-parallel, relatively pure single crystals which are about 2 mm thick. 


Both the experimen‘al data and the calculations from emittance data show that 
the transmittance of relatively pure silicon drops rapidly toward zero above about 
600 K, for the wavelengths of interest. Above about 800 K, the 2 mm thick specimens 
are completely opaque. This rapid drop in transmittance with increasing temperature 
is the result of the thermal excitation of electrons to the conduction band, with conse- 
quent absorption due to free carriers. The experimental data exhibit a sharper drop 
to zero transmittance than do the calculations from emittance recommendations, The 
more rapid drop of the experimental data was followed in generating recommended values 
in the 600-800 K range. 


In the 300-600 K temperature range, the uncertainty of the recommended values 
is believed to lie within+15%. At greater temperatures, the high slope of the curves 
as the transmittance drops rapidly to zero results in larger uncertainties, 


Above 600 K, the general trend of the transmittance to zero can be accepted 
without reservation, but the tabulated values should be considered typical only. 
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4.13. Silicon Carbide 


Silicon carbide is usualiy fabricated by heating carbon and silica sand in an oven. 
The material is a bluish-black iridescent crystal with hexagonal or cubic structure. 
The molecular weight is 40.10. The theoretical density is 3.217 gcm~. It sublimates 
by decomposition at >2400K. It is one of the hardest substances in existence, measuring 
about 9 on Mohs scale hardness. Its fiber has a tensile strength of 3,000,000 psi. The 
thermal conductivity of a very pure and very dense silicon carbide specimen is compar- 
able to that of metals in the neighborhood of room temperature. The coefficient of linear 
thermal expansion is about 4 x 10 K~!, This substance is soluble in fused alkalies, 


but is insoluble in water or alcohol. 


Silicon carbide is widely used as high refractory material. Its high purity single 
crystals are used as semiconductors, especially at high temperature applications. Its 


fibers are used as reinforcement material with plastics. 


Industries manufacture various forms of silicon carbide. One of them is carborundum, 
Optically, carborundum crystallites in various sizes appear from transparent to opaque, 
and from colorless to deep blue-black. The density ranges from 3.06 to 3.20 g cm™3, 
It oxidizes slowly above 1273 K. It is commonly used for grinding and polishing. Globar 
is another form of silicon carbide which is widely used as a source of infrared energy. 
Its working temperature is up to 1783 K, and may be extended to 1922 K for a short per- 
iod of time. The coefficient of thermal expansion is low. The structure is not affected 
by quick heating or abrupt cooling. Its electrical resistivity remains almost constant at 
above 755 K. It is an excellent material for resistors and heating elements. 


a. Normal Spectral Emittance (Wavelength Dependence) 


A total of 23 sets of data are available. Most of them were measured in the range 


of about 1 ym to 15 ym. Measuring temperature ranges from 755 K to 2500 K. 


All the data sets show a deep minimum at about 12.6 ym, and all except the data 
of Blau and Jasperse [T32045] (Figure 13-2, curves 3-6) have a shallow minimum at 
about 9.2 ym. A rather small peak is located around 10.4 ym. No obvious reason is 
conceived to account for this difference. For many data sets the values tapered off below 
3 ym. This behavior was probably caused by the oxidation of the specimens and by the 
error in matching the temperature of the specimen and the blackbody standard [T 20946] . 
The specimen was as thin as 100 ym (Figure 13-2, curves 16-18), but the data show no 
apparent differences compared to that of the thick specimens. 


ro hve 


One curve is recommended for the Globar from Carborundum Company. The 
curve conforms to the data of Mitchell [T25673] (Figure 13-2, curve 9), except between 
2 and 6 ym, where the curve follows the shape of Silverman's data [T00758] (Figure 
13-2, curve 1) corrected by Morris [T20946]. A shallow minimum around 4 ym is inter- 
preted as caused by a slight oxidation of the specimen in normal circumstances, i.e., 
the specimen has never been heated in air at elevated temperature over an extended per- 
iod. The values are recommended fo. the specimen temperature of 1400 K. Two parallel 
curves were generated for room temperature and 2400 K. The values at 1400 K are be- 
lieved to be accurate to within 5% of the true values. For other temperatures, the same 
set of values are believed to have an uncertainty of 5 to 10% above 700 K, and 10 to 15% 
below 700 K. 


One ‘nore curve is presented as provisional for a roughly polished bulk specimen. 
The curve follows the data of Stewart and Richman [Tv&277, T40798] (Figure 13-2, curves 
11-14 and 19-22). Since the specimens are not well-defined, the values cannot be applied 
accurately to any polished specimen. The provisional values are applicable to averagely 
polished specimens at 1000 K, and two parallel curves were generated for room temper- 
ature and 2400 K. The uncertainty of these values may be up to 20 to 30% for some 


specimens. 


For thin films with thickness in the order of 107 ym or thinner, they have very 
low emittance values between 1 and 15 ym. No recommendation is made due to lack of 
data. 


The recommended and the provisional curves are shown in Figure 13-1 and the 
experimental curves are shown in Figure 13-2. The recommended values, the exper- 
imental measurement information, and the experimental data are tabulated in Tables 


13-1, 13-2, and 13-3, respectively. 
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FIGURE 13-2. EXPERIMENTAL NORMAL SPECTRAL EMITTANCE OF SILICON CARBIDE 


(WAVELENGTH DEPENDENCE). 
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b. Normal Spectral Emnittance (Temperature Dependence) 


A total of 11 sets of data are available. Five sets of the data were measured 
below 1 ym. The remaining data were measured between 2 and 12 ym at temperatures 
ranging from 1000 to 1800 K. 


The data measured between 2 and 12 ym show a positive but weak dependence 
on temperature. This fact is supported by Dubrovskii's measurements [T62013] (Fig- 
ure 13-2, curves 16-18) at higher temperatures for a single crystal and by Morris' values 
[T20946] at 395 K for Globar. The temperature dependence is assumed linear for sim- 
plicity. The slope is determined by the data of Briivel [T02147] (Figure 13-4, curves 
3-6 and 9) and Dubrovskii. Using this slope value, four curves were generated as rec- 
ommended for Globar at 2.8, 3.8, 5.0, and 10.6 ym from room temperature to 2400 K. 
The uncertainty is believed to be 5 to 10% below 800 K, 5% from 800 to 1800 K, and 10% 
above 1800 K. For polished bulk material, four similar curves were generated as pro- 
visional. The uncertainty is believed to be as high as 30% for some specimens. 


The recommended curves are shown in Figure 13-3 and the experimental curves 
are shown in Figure 13-4. The recommended values, the experimental measurement 
information, and the experimental data are tabulated in Tables 13-4, 13-5, and 13-6, 
respectively. 
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c. Normal Spectral Reflectance (Wavelength Dependence) 


A total of 38 sets of data are available. Fourteen sets were measured on single 
crystals, two on thin films, and seventeen on compact powder specimens. 


Only three sets of data were measured for polycrystalline specimens, and two 
of them were measured at below 2.7 ym (Figure 13-6, curves 2 and 3). Chang's data 
{T42979] (Figure 13-6, curve 7) were measured at room temperature from 2 to 30 ym. 
The specimen was supplied by Carborundum Company, but without any detailed descrip- 
tion. The behavior of this set of data is not consistent with any of the emittance data. 
Thus no recommendation was generated based on the experimental reflectance data. 
Provisional values were derived from the recommended curves of emittance, assuming 
the transmittance is negligible, for polished bluk material at 293 K and 2400 K. The 
error is estimated to be 20 to 30%. A pair of curves were generated the same way for 
Globar. Since the absolute values of the derived reflectance of Globar are small, they 
can only be considered as typical. 


Provisional values at 293 K were generated in accordance with the data of Spitzer, 
et al. [T32822] (Figure 13-6, curve 25) for a thin film 0.06 ym thick. The uncertainty 
is estimated to be 15 to 30%. 


The provisional and typical curves are shown in Figure 13-5 and the experimental 
curves are shown in Figure 13-6. The provisional and typical values, the experimental 
measurement information, and the experimental data are tabulated in Tables 13-7, 13-8, 
and 13-9, respectively. 
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d. Normal Spectral Absorptance (Wavelength Dependence) 


Only four sets of data are available. Three of them were measured below 1 ym. 
The remaining one [T32388] was measured between 0.4 and 2.6 ym for Globar without 
any detailed description about the specimen. 


It is impossible to generate recommended curves from the meager experimental 
data. However, it is adequate to apply Kirchhoff's law on the Globar and the averagely 
polished silicon carbide. Hence, the recommended values presented in subsection (a) 
are repeated here as recommended values for the normal spectral absorptance. The 


uncertainty of each curve is believed to be the same as that of the emittance. 


The recommended and the provisional curves are shown in Figure 13-7 and the 
experimental curves are shown in Figure 13-8. The recommended and the provisional 
values, the experimental measurement information, and the experimental data are tab- 


ulated in Tables 13-10, 13-11, and 13-12, respectively. 
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e. Normal Spectral Transmittance (Wavelength Dependence) 


A total of 61 sets of data are available at room temperature. Thirty-one sets 


were measured below 1 ym and six sets above 15 ym. 


Most of the data measured between 1 and 15 ym were for thin specimens with 
thickness ranging from several ym to over 300 ym and colored from colorless to dark 
green. A recommended curve applicable to colorless specimen with thickness ranging 
from 100 to 200 pm is generated following the data of Lipson [E17415] (Figure 13-10, 
curve 30). The values are typical above 5 ym where a series of peaks and valleys occur. 


Below 5 ym, the uncertainty is believed to be 10%. 


Four sets of data were measured for thin films about 0.1 ym thick or thinner. 
One curve was generated following the data of Schatz, et al. [T22272] (Figure 13-10, 
curve 2) for a specimen 0.06 ym thick. The recommended \alues below 10 ym have 


an uncertainty of 5%. The values above 10 ym are typical. 


The recommended and the typical curves are shown in Figure 13-9 and the 
experimental curves are shown in Figure 13-10. The recommended and the typical values, 
the experimental measurement information, and the experimental data are tabulated in 
Tables 13-13, 13-14, and 13-15, respectively. 
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4.14. Silicon Nitride 


Bulk silicon nitride is manufactured by standard metallurgical techniques based 
on reacting silicon powder with nitrogen at elevated temperatures (above 1573 K). It 
is used as a hard refractory material in high temperature ceramic applications with a 
useful service temperature of about 1500 K. It dissociates at about 2200 K. It has been 
reported that there are two types of crystal structure of silicon nitride, a-Si,;N, and 
B-Si,N,, both of which are hexagonal but with different lattice constants in the c-axis 
[T52257]. Four types of crystructure of Si,;N, have also been reported [T29667] . Silicon 
nitride is a good electrical insulator with reported resistivity of 10!2 ohm-cm at room 
temperature and 10° ohm-cm at 1300 K. Its thermal expansion coefficient is 2.5 x 10®K™ 
over the range of 300-1300 K. Asa result of this low thermal expansion, its thermal 
shock resistance is very good so that this bulk material can be used as a high temperature 


radome material. 


Dense silicon nitride is produced by hot pressing and sintering silicon powder 
compact in a nitrogen atmosphere at high pressure and at a temperature near the melt- 
ing point of silicon (1687 K). Using this technique, laboratory preparations have resulted 
in samples of 98% purity. 


There is a considerable increase of interest in silicon nitride thin films for 
microelectronic applications in the recent years. Silicon nitride films can be prepared 
by several different deposition techniques: 


a) Direct nitridation 

b) Evaporation 

c) Glow discharge (dc and rf) 

d) Sputtering (dc, rf, and reactive) 

e) Pyrolytic (chemical vapor deposition) 


The reactive sputtering and pyrolysis methods have been most frequently utilized. In 
each of these deposition methods, several parameters can be varied: temperature, flow 
rate, plasma density, pressure or degree of vacuum, ratio of reactants, or electric field. 
Prior to deposition, the substrates are usually given a mechanical lap followed by a me- 
chanical or chemical polish. Heat treatment of the film is also utilized. 


a. Normal Spectral Emittance (Wavelength Dependence) 


There is only one set of data on the normal spectral emittance of Si,N, available. 
Schatz, Goldberg, Pearson, and Burks [T22272] have measured the emittance for the 
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sintered specimen with density 1.82 g cm~ at 1023 K. Compared with the theoretical 
dersity of 3.43 g cm™, their specimen has very high porosity. Therefore, based on 
this measurement only provisional values of normal spectral emittance were reported here 
which are listed in Table 14-1 and shown in Figure 14-1, and they are slightly lower than 
the experimental results. The estimated uncertainty of the normal spectral emittance 


is about + 30%. 
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b. Normal Spectral Reflectance (Wavelength Dependence) 


There are ten sets of experimental data available for the wavelength dependence 
of the normal spectral reflectance of silicon nitride as listed in Table 14-6 and shown 
in Figure 14-4. Specimen characterization and measurement information for the data 
are given in Table 14-5. Schatz, Goldberg, Pearson, and Burks [T22272] measured 
the normal spectral reflectance for sintered samples in the 0.23-2.65 ym wavelength 
region while Schatz [T34908] and Schatz, Alvarez, Counts, and Hepplu [T35840] 
measured the normal spectral reflectance of compacted powder specimen with compaction 
pressure from 2350 psi to 70500 psi in the 0.23-2.65 ym region. Schatz, Alverez, Burkes, 
Counts, and Dunkerley [T33974] measured the reflectance for the specimen pressed at 
21000 psi in the 1.0-15 yam wavelength region at 373 K. It is observed that for the sin- 
tered specimen, the reflectance data values were lower than those of the pressed samples. 
One possible explanation is that it has lower density (1.82 g cm™), nence a lower re- 
flectance value. Since all the measurements were made by the same research group, 
only one set of data is available for the longer wavelength region. As a consequence, 
only provisional values are justified. The provisional values are for the pressed spec- 
imen at 373 K which are listed in Table 14-4 and shown in Figure 14-3. The estimated 
uncertainty for the provisional values is within + 30%. 
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c. Normal Spectral Absorptance (Wavelength Dependence) 


There are four sets of experimental data available for the wavelength dependence 
of the normal spectral absorptance of silicon nitride as listed in Table 14-9 and shown in 
Figure 14-5. Specimen characterization and measurement information for the data are 
given in Table 14-8. Three sets of data are for the thin film specimen coating on sili- 
con substrate and one set of data is for the powder specimen. All the measurements 
were performed at room temperature. They all show a broad peak of absorption with 
the maximum near the 10-12 ym region. However, there is no information on the thick- 
ness of the sample and substrate which is essentially for the absorptance value. There- 
fore, we cannot make any recommended values for the absorptance on coating specimens. 
According to Kirchhoff's law, the absorptance is equal to the emittance, a=e¢€. There- 
fore, the provisional values onthe normal spectral absorptance for sintered specimens at 
1023 K were obtained which are listed in Table 14-7 and shown in Figure 14-6. The esti- 
mated uncertainty is about +30%. 
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d. Normal Spectral Transmittance (Wavelength Dependence) 


There are 33 sets of experimental data available for the wavelength dependence 
of the normal spectral transmittance of silicon nitride as listed in Table 14-12 
and shown in Figure 14-8 for thethinfilm coatings and Figure 14-9 for the powder specimens. 
specimen characterization and measurement information are given in Table 14-11. All 
the measurements were performed at room temperature (~293 K) and a broad absorption 


peak due to Si-N has a maximum near 11.4 ym. 


Silicon, germanium, molybdenum, graphite, gallium arsenide, graphite, and 
potassium chloride were used as the coezting substrate. Fifteen sets of experimental data 
were measured for the transmittance of thin Si,N, film coating on silicon substrates. 
However, few authors have reported the thickness of the film and substrate. The var- 
ious deposition techniques for preparation of the thin films also affect the transmittance. 
The silicon nitride film was also used as an antireflection coating for silicon and the 
maximum of transmission was dependent on the thickness of the coating by the well-known 
square-root condition for quarter-wave films as follows: 





4n, dy t= 2m+1; m= 0,1,2,3,..... (14-1) 
n, - ny? ; 
a ~( << 1 for ny’ an, (14-2) 
scishies Ny + ny? 


where d is the coating thickness, ), the free space wavelength, Rin in the minimum 
intensity reflectance, and n, and n, are the refractive indices of the coating and substrate, 
respectively. Therefore, as a consequence of these difficulties, only the provisional values 
for a 0.5 ym thick silicon nitride film deposited on both sides of a 250 ym thick 
silicon substrate by the reactive sputtering technique at room temperature are presented. 


The estimated uncertainty is within +30%. 
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4.15. Acrylic Resins 


The four major categories of acrylic resins include polymethacrylate, polyacrylate, 


poly(methyl methacrylate), and copolymer of acrylonitrile. The list of esters range 
from «:.cthyl to lauryl, C,-C;,. Because of the many combinations possible, there are 

at leus. 40 varieties of acrylic resins commercially available. Lucite is a trade name 

of DuPont for poly(methyl methacrylate) which will be described in the next subsection. 
Other trade names for the various acrylic resins include Acryloid, Acrysol, Acryrin, 
Hycar PA, Acrilan, Creslan, Dynel, Orlon, Plexiglass, Vernonite, etc. These mater- 
ials are manufactured in a wide range of colors and are in demand where aesthetic con- 
siderations predominate. They possess low specific gravity, low water absorption, good 
weather ability, and tensile strengths but only moderate heat resistance and low hardness. 
They soften from 250 to 400 K and are more easily scratched than glass. 


According to the Reference [A00025], the softening points of acrylics are as 


follows; 
Acrylics Softening Point (K) 
Polymethylacrylate (PMA) 277 
Polyethylacrylate (PEA) 248 
Polymethylmethacrylate (PMMA) 397 
Polyethylmethacrylate (PEMA) 339 
Poly n-butyl methacrylate (PBMA) 303 
Polyacrylonitrile 511 


The polymerization of acrylate and methacrylate esters is carried out in water 
suspension with peroxide catalyst. The resulting polymer is washed, dried, and blended 
with plasticizers and colorants before pelletizing for use as molding powders. 


H 80-100 C 
Ch =C- C-0CH, ———ie [ - CH, - CH - ] 
peroxide COOCH, a 
me poly(methylacrylate) 
1 20 80-100 C 
CH,=<C-C-OCH, ———= [ - CH, - CCH, - ] 
peroxide COOCH; % 
H,O 


poly (methyl methacrylate) 


Acrylic resins are soluble in aromatic and most chlorinated hydrocarbons (toluene, 
ethylene dichloride, chloroform), esters (ethyl acetate), ketones, tetrahydrofuran; 80/20 
toluene/methanol gives low-viscosity solutions. Polymers of butyl] and higher esters are 


| 


6384 


soluble in aliphatic hydrocarbons (e.g., white spirit, also in molten waxes). Cross- 
linked polymers are insoluble but swell in chlorinated hydrocarbons. Acrylic resins 

can also be swollen by alcohols, phenols, ether, and carbon tetrachloride. They are 
decomposable by conc. oxidizing acids (HNO;, H,SO,, H,CrO,), alcoholic alkalis. 


Acrylic resins have a density of about 1.02-1.22 gcm™3, Their refractive index 
is about 1.47-1.49. The ultraviolet cut off is below 2800 A, it transmits about 85% in 
the visible region, and the infrared cut off is about 23000 A (2.3 ym). 


a. Normal Spectral Emittance (Wavelength Dependence) 


There are four sets of experimental data available for the wavelength dependence 
of the normal spectral emittance of acrylic resins as listed in Table 15-3 and shown in 
Figure 15-2. Specimen characterization and measurement information for the data are 
given in Table 15-2. All the data are for the paint coatings with green, blue/black, or 
white color. Inthe wavelength region above = 6 pm, there are small differences among 
the values of emittance for the different paints. In the shorter wavelength region the 
white paint has lowest emittance value. Since the data are limited, as a consequence, 
only provisional values were reported here. The provisional values listed in Table 15-1 
and shown in Figure 15-1 are for the "white acrylic paint" on stainless steel substrate. 
The estimated uncertainty is within + 30%. 
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b. Normal Spectral Reflectance (Wavelength Dependence) 


There are thirteen sets of experimental data available for the wavelength dependence 
of the normal spectral reflectance of acrylic resin coatings as listed in Table 15-6 and 
shown in Figure 15-4. Specimen characterization and measurement information for the 
data are givenin Table 15-5. There are seven different kinds of acrylic resins used for 
measurements. The normal spectral reflectance values for flat black acrylic were the 
lowest. White paint (Sherwin Williams) has the highest reflectance value. Only Brandenberg 
(T52153] and Afonaseva, et al. [T5v239] measured the normal spectral reflectance in 
the wavelength region above 2.6 ym. Because the range of reflectance for acrylic was 
wide, only provisional values were reported here which are listed in Table 15-4 and 
shown in Figure 15-3. The provisional values are for the flat white acrylic paint 
(Sherwin Williams) coatings at 310 K. The estimated uncertainty is within + 30%. 
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c. Normal Spectral Absorptance (Wavelength Dependence) 


There are five sets of experimental data available for the wavelength dependence 
of the normal spectral absorptance of acrylic resin coatings as listed in Table 15-9 and 
shown in Figure 15-6. Specimen characterization and measurement information for the 
data are given in Table 15-8. Four of the data sets each contains a single point (10.6 ym). 
Therefore, as a consequence of the limited data, only provisional values of normal spec- 
tral emittance are presented here as listed in Table 15-7 and shown in Figure 15-5. 

The provisional values are for the "white acrylic paint" on stainless steel substrate, 
The estimated uncertainty is within + 30%. 
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d. Normal Spectral Absorptance (Temperature Dependence) 


There is no experimental data available for the temperature dependence of the 
normal spectral absorptance of acrylic resins. However, Frisdon [A00004] mea- 
sured the absorptance of acrylic paints as a function of the incident power of CO, laser. 
His results show that there is very small decreasing or no change in the absorptance 
value for the incident power of CO, laser up to 130 watts. As the incident power equals 
to 60 watts or higher, there is instantaneous surface charring happening at the point 
of incidence. Probably this charring occurs at the decomposing temperature. There- 
fore, we can roughly say that the absorptance of acrylic paints at wavelength 10.6 ym 
is independent of temperature in the temperature region from 293 K to 400 K (de- 
composing temperature). Figure 15-7 shows the provisional value for the normal spectral 
absorptance of acrylic white and black paints as a function of temperature. 


The absorptance is 0.97 for white paint and 0.95 for black paint. The estimated 
uncertainty is within + 20%. 
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e. Normal Spectral Transmittance (Wavelength Dependence) 


There are 30 sets of experimental data available for the wavelength dependence 
of the normal spectral transmittance of acrylic resins as listed in Table 15-12 and shown 
in Figure 15-8 (bulk materials) and Figure 15-9 (thin films). Specimen characteriza- 
tion and measurement information for the data are giveninTable 15-11. There were 20 
different kinds of acrylic resins used for measurement; their transmittance values were 
quite different. Therefore, only provisional values are reported here as listed 
in Table 15-10 and shown in Figure 15-7. The provisional values are for the acrylic 
sheet with thickness 6.3 mm at 293 K. The estimated uncertainty is within + 30%. 
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4.16 Lucite 


Lucite is a propriatory acrylic resin, poly( methyl methacrylate), manufactured 
by DuPont Co. "Plexiglas" and 'Perspex'' are essentially the same material manufactured 
by Rohm and Haas Co, and Imperical Chemical Industrial Chemicals Ltd. respectively. 


Lucite is a rigid, crystal-clear thermoplastic material with excellent mechanical 
and chemical properties. It has the best resistance to the effects of sunlight and out- 
door weathering among all the transparent plastics. Industrial uses include optical 
applications such as in TV screens, automobile taillights, and lenses for cameras and 


slide viewers. 


Lucite acrylic resins can be easily processed by all fabricating techniques 
currently practiced in the industry. They can be injection molded, blow molded, com- 
pression molded, and extruded. It also can be machined, drilled, threaded, and routed 


with standard wood and metal-working equipment, 


The polymerization of Lucite is carried out in water suspension with peroxide 
catalyst. The resulting polymer is washed, dried and blended with plasticizer and 
colorants before pelletizing for use as molding powders. 

CH; O 


CH, = C -C - OCH; — ae { - CH, - Som riley 
peroxide 
H,0 COOCH, 


Polymethyl methacrylate 


The molecular weight of Lucite is of the order of 5 x 10° to over 10° (degree of 
polymerisation approximately 5000-10000). Accordingtox-ray data, Lucite is substantially 
amorphous materials, It is soluable in aromatic and most chlorinated hydrocarbons 
(toulene, ethylene, dichloride, chloroform), esters (ethyl acetate), leetones, tetrahydro- 
furar. It will be swollen by alchols, phenols, ether and carbon tetrachloride. It can be 
decomposed by conc, oxidizing acids (HNO, H,SOQ,, H,CrO,) and alcoholic alkalis. 


Lucite has density 1.18-1.19 gm cm”, has the second order (glass) transition tem- 
perature at about 378 K, softens above 397 K and decomposes around 520 K. The maximum 
service temperature is 350 K. Its dielectric constants are 2.7-3.9 over the range 50-105 
Hz. Its resistivity is about 10!4-10!5 ohm-cm. Its dielectric strength is about 16 KV/mm 
for 3 mm sheet. 

Lucite has specific heat 0.35, thermal conductivity 0.00188 W cm K7, and 
thermal expansion coefficient 0.75 x 10% K™ at 293 K (1.05 x 10™/K at 350 K). It 
shrinks 0.2-0.7% when molding. 
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a. Normal Spectral Emittance (Wavelength Dependence) 


There is no data on the normal spectral emittance of Lucite available. However, 
Pregelhof, Francy, and Haas [T77125] used a one-dimensional model, assuming uniform 
properties, and gave the emittance €(X), the absorptance a()), the transmittance 7()), 
and the reflectance p()) of a polymer sheet in the following expressions: 


= d = had - 
e(\) ie) = 1-R) [(1+R) sinh ad +(1-R) (coshad -1 (4. 16-1) 
(1+R?) sinh ad +(1-R?) coshad 


-R)?2 
T(A) = = (4. 16-2) 
(1+R?) sinh ad +(1- R?) cosh ad 
2 - 
BEN ce 2R [R sinhad +(1-R) coshad] (4. 16-3) 


(1+R?2) sinh ad +(1-R?) coshad 


where R = (n-1/n+1)2 and nis the refractive index, d is the thickness of the sample, 


and a is the absorption coefficient. 


For the Lucite bulk material, it can be assumed that 


e84 55 Re Ad (4. 16-4) 


which enables eqs. (4.16-1, 4.16-2, and 4.16-3) to become the following: 


60) <e0)'* (1) 11 - 41-R) Oe (4. 16-5) 
r(d) = (1-R)? e 24 (4. 16-6) 
(A) = R [1 +(1- 2R) 7229) (4. 16-7) 


By using these equations together with the experimental data of transmittance 
and reflectance, the emittance can be calculated. Here we used d = 3.2 mm for calcu- 
lation. The calculated results of the normal spectral emittance for Lucite sample with 
thickness 3.2 mm at 293 K areshownin Table 16-1 and Fig. 16-1 with an estimated un- 
certainty of about +207, 
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b. Normal Spectral Reflectance (Wavelength Dependence) 


Only Byrne and Mancinilli [T32388] have measured the normal spectral reflectance 
for a 3.2 mm thick specimen in the 0.24 to 2.6 ym region. Grim, Linfored, Dillow, 
Spinak, and Mills [A00001] measured the angular spectral reflectance for a 290 mil thick 
disk of Plexiglas in the 2-15 ym region with the incident angle of 15° and 45°. The re- 
flectance value increases slightly with the increase of the incident angle. 


Pregelhof, Francy, and Haas [T77125] calculated the absorption coefficient 
a = 20 cm™ or larger in the wavelength region ) > 4 jam. Then, Eq. (4.16-7) becomes 


p(d) +R = (n- 1)2/(n+ 1)? (4. 16-8) 


which is independent of the thickness of the sample and depends only on index of refraction. 
However, the data of index of refraction is not available in the wavelength region above 
1 ym. Thus, Eq. (4.16-8) is not applicable in this case. 


Based on the three sets of experimental data and Eq. (4.16-7), the provisional 
values of normal spectral reflectance are presented in Table 16-2 and Figure 16-2 with 
an estimated uncertainty of about +30%. 
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c. Angular Spectral Reflectance (Wavelength Dependence) 


Only Grim, Linfored, Dillow, Spinak, and Mills [A00001] have measured the 
angular spectral reflectance for a 290 mil thick disk of Plexiglas in the 2-15 ym region 
with the incident angle of 15° and 45°, as shown in Table 16-6 and Figure 16-5. The 
reflectance values increase slightly with the increasing of incident angle. The provis- 
ional values are for Plexiglas at 293 K and are listed in Table 16-5 and shown in Figure 
16-4, The estimated uncertainty is about +30%. 
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d. Normal Spectral Absorptance (Wavelength Dependence) 


Byrne and Mancinelli [T32388] measured the absorptance of a 3.2 mm thick 
specimen inthe 0.2 to 2.7 ym region. Pilipetskii, Raizer, and Upadyshov [E3799i] used 
a ruby laser \ = 0.69 ym with incident power of 0.5-1.1 joules to obtain the absorptance 
for specimens 43 mm long. According to Eq. (4.16-5), @(A) = (1-R) [1 - (1-R)e 29 - 
Re 229) which is strongly dependent on the thickness of thin films. However, for the 
bulk materials in the wavelength region \ > 3 ym 


a(A) = (1-R) (4.16-9) 


which is independent of the thickness, and the material becomes opaque. From Kirchhoff's 
law a(A) =€(A), the absorptance is equal to emittance. The calculated values are shown 
in Table 16-8 and in Figure 16-6 together with the experimental results. 


The estimated uncertainty is about + 20%. 
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e. Normal Spectral Transmittance (Wavelength Dependence) 


There are 20 sets of experimental data available for the transmittance of Lucite 
as listed in Table 16-13. Of these, 12 sets measured on thin film samples are shown 
in Figure 16-10. They represent reasonably consistent results with each other. Major 
absorption peaks near ) = 3.4, 5.8, 6.9, 7.2, 8.0, 8.7, and 13.4 ym are observed. 


As we have mentioned in d., the bulk Lucite materials become opaque above 

X= 3 ym. At the visible and near infrared region it transmits about 904, According to 
Eq. (4.16-6), r() = (1-R)2 e894, the transmittance becomes very strongly dependent 
on the thickness of the sample where absorption coefficient a is not small. Therefore, 
the provisional values of transmittance for a sample with thickness of 3.2 mm at 293 K 
are derived, based on the works of Byrne and Mancinelli [T32388], Acitelli, Gumby, 
and Naujobas (T40338], Turner and Keller [T77381], and duPont Co. [E62601}. The 
values are shown in Table 16-11 and in Figure 16-8 with the experimental data. 


The provisional values are estimated with an uncertainty of about +304. 
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4.17. Polycarbonate Plastics 


Polycarbonates are transparent, faintly amber-colored, thermoplastic materials 
showing good dimensional stability, thermal resistance, and electrical properties, as 
well as good tensile and impact strength. Their unique hardness properties allow poly- 
carbonates to substitute for metals in some applications, as in plastic rivets and bolts. 


Trade names of polycarbonates are '"' Lexan" for General Electric, ''Merlon" for 
Mobay, ''Lexel' (fibre), ''Makrolon'"', and 'tPanlite''. The softening point of Lexan is 
428 K and that of Merlon is 410 K. The heat distortion temperature and mold temper- 
ature is 406-411 K and 561-589 K, respectively. 


Polycarbonates are formed by the condensation of polyphenols (usually Bis-phenol- 
A) with phosgene. The resulting thermoplastic polymer can be considered an ester of 
carbonic acid and bisphenol A. 


th 
$ + 
[Ho -()p- ¢ -C)- on | im [cr ee ci] 50-60 C + NaOH 
I n 1 
CH; 


(PH 6.0) in CH,Cl, 


Bisphenol Phosgene 
uate 
[-()- ¢- 0-C-o-| + 2nHCl 
CH; 
Polycarbonate 


The molecular weight of commercial polycarbonate plastics is up to 30000 (degree 
of polymerizationc. 120), beyond which increasing viscosity limits practical processing. 
The commonest polycarbonate unit cell contains 4 chains and 8 fundamental units; identity 
period 21.5 A. It can be dissolved by certain chlorinated hydrocarbons (dichloroform, 
methylene chloride, di-, tri-, and tetrachloroethane, hot chlorobenzene), pyridine, 
dioxan, cyclohexanone, and hot phenols. It will be swollen by acetone, benzene, and 
carbon tetrachloride. It can be decomposed by hot alcoholic alkalis, amines, and other 
organic bases, and its surface attack by aq. alkalis. 


Polycarbonate has density 1.20 g cm™, has the second order (glass) transition 
temperature at about 420 K, softens above 430 K, decomposes around 580 K, and is ser- 
viceable up to 410K, Its tensile strength halves at 400 K. Its dielectric constants are 
2.7-3.1 over the range 50-10! Hz. Its resistivity is about 10! Q cm at room temper- 
ature and 10'4 Q cm at 400 K. Dielectric strength of very thin films is 120 KV/mm and 
109 KV/mm for 0.05-0.125 mm films. Its electrical properties show little dependence 
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on frequency, and are not greatly changed by heating to 410 K or by long immersion in 
water. 

Polycarbonate has specific heat 0. 28-0.30, thermal conductivity 0.00192 W cm™! 
K~!, and thermal expansion coefficient 0.6-0.7 x 1074 K"! (0.76 x 1078 K™! at 30-410 K). 
It shrinks 0.5~ 0.74% when molding and it is self-extinguishing by the ASTM D-635 


test. 


a. Normal Spectral Emittance (Wavelength Dependence) 


There is no data on emittance of polycarbonate plastics available. However, 
Pregelhof, Franey, and Haas [T77125] used a one-dimensional model, assuming uniform 
properties, and gave the emittance ¢()), the absorptance q{)), the transmittance 7(}), 
and the reflectance p(\) of a polymer sheet in the following expressions: 


Ean (1-R) [(1+R) sinh ad +(1-R) (cosh ad-1) ] (4.17-1) 


(1+R?) sinhad +(1-R?) cosh ad 


_-R)2 
T(A) = a (4. 17-2) 
(1+R*) sinhad +-(1-R2) cosh ad 
p(y) = 28 LR sinh ad + (1-R) cosh ad] (4.17-3) 


(1+R?) sinh ad + /1-R2) cosh ad 


where R = (n- 1/n+1)? and n is the refractive index, d is the thickness of the sample, 
and a is the absorption coefficient. Therefore, the absorptance can be calculated from 


the above equations. 
For the polycarbonate plastic bulk materials, it can be assumed that 


ad ad 


e845 Ree (4.17-4) 
which enables Eqs. (4.17-1, 4.17-2, and 4.17-3) to become the following: 
€(A) =a(d) & (1-R) [1 - (1-R) e 89 - Re 29) (4.17-5) 
T(X) = (1-R)2 e 24 (4.17-6) 
p(d) =R (1 + (1-R) e 289] (4.17-7) 


By using these equations together with the experimental data of transmittance 
and reflectance, the emittance can be calculated. Here we used d= 4 mm for the 
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calculation. The calculated results of emittance for bulk polycarbonate plastic samples 
with thickness 4 mmat 293K are shown in Table 17-1 and Figure 17-1 with an estimated 
uncertainty of about + 20%. 
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b. Normal Soectral Reflectance (Wavelength Dependence) 


Only Vinokanov:., Cherkusov, and Kisilitsu [T71819] have measured the normal 
spectral reflectance inthe 0.05-0.25 ym wavelength region. We can only roughly esti- 
mate the normal spectral reflectance by the results of angular reflectance. The provisional 
normal spectral reflectance values are slightly lower than that of the angular reflectance 
and are shownin Table 17-2 and Figure 17-2 with an uncertainty of about +30%. 
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c. Angular Spectral Reflectance (Wavelength Dependence) 


Only Grimm, Linfored, Dillow, Spinak, and Mills [A00001} have measured the 
angular spectral reflectance for a 290 mm thick disk of Lexan in the 2-15 ym region 
with the incident angle of 15° and 45°, respectively for curves 1 and 2. The reflectance 
values increase slightly with the increasing of incident angle. 


Pregelhof, Francy, and Haas [T77125] calculated the absorption coefficient 
a = 50 cm”! or larger in the wavelength region) > 4 ym. Therefore, Eq. (4.17-7) 


becomes 
p(A) = R=(n-1/n+ 1)? (4.17-8) 


which is independent of the thickness of the sample and depends only on index of refraction. 
However, the data of index of refraction are not available in the :vavelength region above 
1pm. Thus, Eq. (4.17-8) is not applicable here. 


For the wavelength region below 2 ym, with the aid of the transmittance data, 
the reflectance can be calculated. Together with the experimental data of Grimm, 
et al., which is shown in Table 17-3, the provisional values of angular reflectance are 
shown in Table 17-2 and Figure 17-4 with an estimated uncertainty of about + 30%. 
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d. Normal Spectral Absorptance (Wavelength Dependence) 


There is no data of absorptance available for bulk polycarbonate plastics, Only 
Fujikura and Ishikawa [T77102] have measured the absorptive power of thin films with 
thickness of 18 ym and 118 ym at 300 K. The absorptance data was obtained by dividing 
the absorptive power with the black body radiation power, According to Eq. (4.17-5), 
the absorptance is strongly dependent on the thickness of the sample for thin films. 
However, for the bulk materials, in the wavelength region ) > 4 ym, 


a(A) = (1-R) (4. 17-9) 


which is independent of the thickness, and the material becomes opaque. By using Eqs. 
(4.17-5, 4.17-6, and 4,17-7), the absorptance can be calculated as equal to the emit- 
tance, The calculated results are for a sample with thickness 4 mm at 293 K which 
are shown in Table 17-8 and Figure 17-6 together with the experimental data of thin 
films. The esti:nated uncertainty is about + 204%. 
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e. Normal Spectral Transmittance (Wavelength Dependence) 


There are 16 sets of experimental data aviilable for the transmittance of poly- 
carbonate plastics as listed in Table 17-13. Of these, 5 sets were measured on thin 
film samples which are shown in Figure 17-5, They represent reasonably consistent 
results with each other. The major absorption peaks near d = 3.4, 5.6, 6.6, 8.1, 8.2, 
8.6, 9.8, and 12 ym are observed. 


As we have mentioned in d., the bulk polycarbonate materials become opaque 
above = 4 ym. At the visible and near infrared region it transmits about 80-904. 
Above 1.7 ym the transmittance becomes very strongly dependent on the thickness of the 
sample, Therefore, the recommended values of transmittance for a sample with thick- 
ness of 4 mm at 293 K were derived based on the works of Cloud [T54891, curve 4], 
Acitelli [T40338, curve 7], and Progelhof, et al. [T77125, curve 16]. The values are 
shown in Table 17-11 and in Figure 17-8 with the experimental data, 


The recommended values which are for polished samples are estimated with 
an uncertainty of about + 20%, 
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4.18. Poly(phenylquinoxaline), PPQ 


The preparation of soluble high molecular weight poly (phenylquinoxalines), PPQ, 
by the condensation of aromatic bis(o-diamines) with aromatic bisbenzils was first re- 
ported in 1967. 

a a 
Ar +$-C-C-Ar'-C-C-¢ 
HN” Nya, 


ee eai 


where ¢ = €)—and Ar, Ar' = aromatic typically, for PPQI Ar = TOL EK TOLET « 
Art = =<, hence PPQI is described by the formula: 


OKO] 


UV data for homo- and copolymers exhibit a Am ax in the case of PPQI at 292 ym. 
Apparently the p-phenylene moiety and the phenyl group are forced out of the plane due 
to steric interaction, and therefore, are unable to participate significantly in resonance, 


for Anas to appear at shorter wavelength. 


The current interest in PPQ's is due to the high thermal stability and unusual 
ease of formation of these polymers. Formation is a one stage quantitative process at 
room temperature which yields completely cyclized, soluble polymers. Reaction of 


1,4-di(phenylglyoxal) benzene 


O O Oo O 
I oll i oll 
@-C-C «pe -C-¢ 
in excess in air yields a crosslinked polymer compared with the usual linear polymer 
when the reagents are used in stoichiometric amounts. 
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PPQ's are faintly yellow fibrous amorphous substances readily soluble in most 
organic solvents. Typical molecular weights are of the order of 330,000. PPQ polymers 
were shown to exhibit good solubility and processability as well as excellent thermal oxi- 
dative stability. However, IR spectra of PPQ demonstrates the ease of oxidation of the 
methylene bridges in those polymers containing this structural feature. It starts decom- 
position at 780 to 830 K. 


The potential of PPQ for use as functional and structural resin in high temperature 
environment has been demonstrated. 


PPQ specimens may be cured at 644 K and 1000 psi for four hours. The thermal 
linear expansion of the cured material increases gradually to the instability temperature 
of 578 K with the expansion at this point being 1.34 [T77908]. Above the instability 
temperature, PPQ first contracts, then expands slightly, then finally contracts severely 
above 756 K where degradation occurs. 


The thermal conductivity of PPQ exhibits increasing values from 0.00293 W cm™! 
K™! at 340 K to 0.00317 W cm™! K™! at 533 K. Typical densities fall in the range 1.196 - 
1,205 g cm™3, 


PPQ carbon fiber composites have been studied as potential re-entry vehicle 
(REV) materials. 


No information on the thermal radiative properties of this material was uncovered 
from the search of literature. Consequently, no tabulation or recommendation of the 
thermal radiative properties of this material is possible at this time. 
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4.19. Silicone Resin 


These organo-silicon oxide polymers may be resins, rubbers, or liquids. They 
are characterized by resistance to heat, oxidation, and weathering; water repellency; 
near independence of physical properties with temperature; and resistance to electrical 
breakdown. Their thermal degradation temperature is about 473 to 873 K. 


Industrial uses include silicone release agents, lubricants, adhesives, laminating 
resins, electrical insulation, molding compounds, and additives. Trade names include 


Silastic, Polysil, Versilube, Dow Corning Silicone, etc. 


In the United States, major companies producing silicones for industrial use 
include Dow Corning Corporation, General Electric Company, and Union Carbide 


Corporation. 


For the purpose of aircraft design, the application of silicone resins may be 


classified in the following three ways: 


(1) Silicone laminating resins - These are used primarily in bonding glass cloth 
to produce structural and electrical laminates. They are also used to bond 
asbestos paper and cloth. Silicone-glass laminates have excellent resistance 


to heat and heat aging. 


(2) Interlayer for laminates glass - Silastic Type K Interlayer serves as the 
center layer in safety glass windshield for supersonic aircraft. 


(3) Silicone molding compounds - These are thermosetting materials that can 
be formed by either compression or transfer molding techniques. For high- 
impact, glass fiber-filled silicone molding compounds, the heat distortion 
temperature is about 755 K. Parts molded from silicone molding compounds 
find use as both structural and dielectric materials in aircraft and missiles. 


Several silicone resins have been considered for application in aerospace 
construction. Poly(dimethylsilanediol) with a melting point of 740 K has been considered 
for use as a matrix material for flexible windows and domes in manned spacecraft, al- 
though it has been suggested that it has insufficient tear resistance for this purpose. 
Polyphenyl silicone has been considered for use as a paint-like organic coating for space- 
craft, designed to control emission and absorption of radiant energy. Silicone DC 808 
has been considered for similar uses. Silicone XRG-2044 has been considered for use 
as a coating for solar cells. Owens-Illinois "Glass Resin 100" has been studied for pos- 
sible use as a lightweight optical material for aerospace reconnaissance. Some elastomers 
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are used for oxygen hoses, space suits, and cabin seals. Silicone resins are also used 
as ablation shields for space ships. 
Silicones consist of chains of alternate Si and O atoms. The chains are modified 


by various organic groups attached to Si, or by crosslinking. Silicone polymers are 


prepared by condensation of di- or trihydroxymethylsilanes. 


180-200 C CH, CH, 
i ! 
(CH3) Si (OH), ——+| -0-si-o- si- | 
2 { \ 
-H,0 Hy) CH; 
Silicone rubber 
i} 
200-220 C CH, oO 
! i 
CH, Si (OH); ————»= [-o-si-o-si- | 
' I 
-H,O 0) CH, n 


Silicone resin 


Uncured silicone resins are soluble in some organic liquids such as toluene, 
xylene, petroleum spirit, and n-butyl acetate. Cured silicone resins can be swollenby 
toluene and some other hydrocarbons, carbon tetrachloride, methyl chloride, acetone, 
methyl ethyl ketone, liquid ammonia, liquid sulphur dioxide, and glacial acetic acid. 
They may be decomposed by the attack of concentrated hydrochloric and sulphuric acids. 


Silicone resins have density about 1.0-1.2 g cm’, Its refractive index is about 
1.405-1.49, specific heat 0.36-0.37, thermal conductivity 0.00146 W cm™! K™!, Sil- 
icone resins that are flexible at room temperature have a brittleness temperature of 
200 K or lower. The resins soften at temperatures from 300 K to above 470 K according 
to the degree of cure (cross-linkage). Prolonged heating causes gradual loss of weight 
by breakdown of volatile products, e.g., benze.ie and cyclic siloxanes from methylsil- 
oxanes at 400-500 K. Its electrical resistivity at room temperature is about 3, 10!9 - 
5.10!5 Q cm and dielectric constant is 2.75-2.85 from 60-106 HZ. Its dielectric strength 
is about 20-120 kV/mm at room temperature, 50% lower at 370 K, and 20-30% lower for 
wet film. The arc resistance of silicone resins is greater than that of the organic resins. 


a. Normal Spectral Emittance (Wavelength Dependence) 


There are six sets of experimental data available for the wavelength dependence 
of the normal spectral emittance of silicone resins as listed in Table 19-3 and shown 
in Fig. 19-2. Specimen characterization and measurement information for the data are 
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given in Table 19-2, Two data sets each are for "Pyrosin" heat resistant paint on alu- 
riuinum plate at 473 and 673 K with brown, green, and beige color, respectively, In 

the wavelength region above } = 8 ym, there are very small differences among the 
values of emittance for different paint. However, in the shorter wavelength region, 
i.e., A < 8pm, brown paint has the highest emittance value and beige paint has the 
lowest emittance value. Since the data are limited, as a consequence, only provisional 
values were reported here. The provisional values are listed in Table 19-1 and shown 
in Figure 19-1 for the green "Pyrosin" paint on aluminum plate at 473 K. The estimated 
uncertainty is within + 304%. 
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b. Normal Spectral Reflectance (Wavelength Dependence) 


There are 21 sets of experimental data available for the wavelength dependence 
of the normal spectral reflectance of silicone resin coating as listed in Table 19-6 and 
shown in Figure 19-4, Specimen characterization and measurement information for the 
data are given in Table 19-5, There were 10 different kinds of silicone used for mea- 
surements. The normal spectral reflectance values for silicone black paint (Pyrolac 
7G 800) were the lowest. RTV-602 silicone on aluminum substrate has the highest 
reflectance values. Only Wilburn and Renius [T47062] and Wetmore (T40420] measured 
the normal spectral reflectance in the wavelength region above 2.6 ym. Because the 
range of reflectance for silicone is so wide, only provisional values are reported here 
which are listed in Table 19-4 and shown in Figure 19-3. The provisional values are 
fur a 0.43 mm thick Dow Corning 6510 silicone on aluminum substrate at 400 K. The 
estimated uncertainty is within + 30%. 
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c. Angular Spectral Reflectance (Wavelength Dependence) 


There are seven sets of experimental data available for the wavelength dependence 
of the angular spectral reflectance of silicone resin coatings as listed in Table 19-9 and 
shown in Figure 19-6. Specimen characterization and measurement information for the 
data aregivenin Table 19-8. Only specular reflectance data were measured. All the 
specimens were coated over silver thin films and there is no information on the thick- 
ness of the silicone coating and silver thin film. As a consequence of these difficulties, 
only provisional values are reported here which are listed in Table 19-7 and shown in 
Figure 19-5 with the experimental data as background. The estimated uncertainty is 
about + 30%. 
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d. Normal Spectral Transmittance (Wavelength Dependence) 


There are 26 sets of experimental data available for the wavelength dependence 
of the normal spectral reflectance of silicone resin as listed in Table 19-9 and shown 
in Figure 19-6 (bulk materials) and Figure 19-7 (thin films). Specimen characteriza- 
tion and measurement information for the data are givenin Table 19-8. There were 22 
different kinds of silicone resins used for measurement; their transmittance values were 
quite different. Therefore, only provisional values are reported here which are listed 
in Table 19-7 and shown in Figure 19-5. The provisional values are for Dow Corning 
XR6-2044 silicone resin with thickness 0.112 mm at 293 K. The estimated uncertainty 
is about +30%. 
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4.20. Aluminized Grafoil 


Aluminized grafoil is made by applying thin coatings of aluminum on grafoil, a 
pure flexible, insulating graphite tape with highly directional properties similar to those 
of pyrolytic graphite. 


The grafoil adds the advantage of flexibility to the thermal-insulating properties 
of pyrolytic graphite from the cryogenic range up to about 4000 K. Preliminary values 
of the ratio of the thermal conductivity perpendicular to the surface plane to that along 
the surface range between 0.001 to 0.006, depending upon the type of grafoil tape mea- 
sured, There is no increase in thermal conductivity at high temperatures as found in 
conventional insulation materials. Grafoil tape and foil are normally produced in the 
1.0 to1.3g cm™ density range. It can be embossed, wrapped, rolled, pressed or other- 


wise formed, 


Aluminized grafoil was made primarily for the purpose of providing a high-reflectivity, 
low thermal-conductivity material for cryogenic applications. However, advantages of 
this material made it a favorable materia] in the area of aircraft design and space 
vehicle construction where heat insulation plays an important role. 


Experimental data on the thermal radiative properties of aluminized grafoil were 
not found in our literature search. This discouraging fact does not prevent us from 
making a reasonable estimation for the radiative properties because the thin coatings of 
aluminum are usually thick enough to be opaque to the radiation and are therefore con- 
sidered us the sole material interacting with the incident radiation. Therefore, the gen~ 
eration of the most probable values on the thermal radiative properties of aluminized 


grafoil is based on the available data of aluminum. 


Literature survey for aluminum revealed an adequate amount of data on the normal 
spectral emittance, reflectance and absorptance, Measurement information and experi- 
mental results obtained in this survey are given in Tables 20-1 to 20-10 and Figures 20-1 
to 20-5. By careful review of the tables and figures, one will see that the magnitudes of 
the thermal radiative properties are very much affected by the surface conditions of the 
specimens. The literature abounds with examples of test surfaces shown to be very sen- 
sitive to methods of preparation, thermal history, and environmental conditions. Despite 
this awareness, descriptions of test surfaces are generally inadequate because of our 
modest understanding of the mechanisms or real surface effects and how to properly 


characterize a surface. 
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To isolate the individual surface characteristics is a difficult task. For most 
materials it is not practical to alter one characteristic without causing an influence on 
another. The control of the many variables required to study surface characterization 
in a logical manner is a complex problem. Asa result only the simplest of surface pro- 
files or compositional effects have been studied or are understood. One of the most im- 


portant influences on the radiative properties of metals arises from surface roughness. 


Because of the difficulties mentioned above, data analysis and evaluation is not 
a straight forward task; some logical but not exact means should be used in the gener- 
ation of the most probable values for the properties of our interest. Although the radia- 
tive properties could be strongly dependent upon the process of applying the metallized 
thin films, we considered them as mechanically polished surface as a first approximation 
and vecided to use the classical model of Hagen and Rubens with some modification in 
the interpretation of the selected emittance data for mechanically polished surfaces. 
Details of such modification are discussed in Section 2 and Eq, (2. 5-5) is the resulted 


expression, 


Reliable and accurate available data on the normal spectral emittance of mechanically 
polished aluminum surface were obtained by converting the data sets, curves 4 and 5 of 
Figure 20-4, from absorptance to emittance using Kirchhoff's law. Data for curves 4 
and 5 were measured at temperatures of 573 K and 293 K respectively. By a least squares 
calculation the following equation was found to fit the selected data with uncertainties of 


less than + 10% for wavelength range 2.5 to 20 ym. 


( e, e 00 + 0.0644 .. 293 


A - 2.279 


-29 
- 9. 0206 | L+.0:.00429 (T-293) 1 


A- 2.279 


3/2 
+ 0.00234 | ++ 7 eee | Tee (4,201) 


= 2,279 
a(0,) = €(0,)), (4. 20-2) 
and 
p(0,27,r) = 1 - a(0,A), (4, 20-3) 


where ) is in units of ym and Tin K. These three equations are used to generate the 
most probable values on the normal spectral radiative properties for the aluminized 


grafoil. 
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a. Normal Spectral Emittance (Wavelength Dependence) 


Normal spectral emittance of aluminized grafoil is calculated from Eq. (4. 20-1) 
and listed in Table 20-11 and plotted in Figure 20-6. The values generated are considered 
as provisional (about + 254% uncertainty) since they are estimated based on the aluminum 
data. Provisional values are presented at five temperatures, 293, 450, 600, 750, and 850 K. 
Note that the provisional values are for the mechanically polished surface only. Values 
of true surfaces are expected to deviate from those listed. However, the tabulated 


values are believed to be reasonable for those surfaces of roughness less than 0.5 pm. 
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b. Normal Spectral Emittance (Temperature Dependence) 


The normal spectral emittance as a function of temperature is given in Table 
20-12 and Figure 20-7. The generated values are considered as provisional (uncer- 
tainty +25%). The nlot clearly shows that emittance for a given wavelength does not 
vary appreciably for a wide temperature range. Note that the melting point of aluminum 
at about 930 Kis not far from the ending point (about 88 K) of each curve, It seems that 
the curves can be extrapolated to or beyond the melting point. However, there is no 
definite evidence to support this attempt. 
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c. Normal Spectral Reflectance (Wavelength Dependence) 


As given in Table 20-13 and plotted in Figure 20-8 the normal spectral reflectance 
of aluminized grafoil is calculated by assuming that energy loss of the impinging radiation 
is entirely due to absorption. The result is remarkably good as one can see by com- 
paring Figures 20-3 and 20-8. Since the data analysis is totally based on the availabie 
data of aluminum, allowance is given in the estimation of the predicted values. An esti- 
mated uncertainty of + 20% is given to the calculated values so that the estimated values 


can be used for most of the true surfaces. 
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d. Normal Spectral Reflectance (Temperature Dependence) 


In Table 20-14, the provisional values of the normal spectral reflectance are 
given with an estimated uncertainty of + 20%. The variation of the property as a function 
of temperature is demonstrated in Figure 20-9, For a given wavelength, the normal 
spectral reflectance remains as a constant from room temperature up to near the melting 
point of the material. At higher temperatures our knowledge on this property is lacking. 
However, it seems that a linear extrapolation of the curve to and above the melting point 
can be used with uncertainty of no more than + 354. 
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e. Normal Spectral Absorptance (Wavelength Dependence) 


The normal spectral absorptance is obtained from reflectance according to the 
Kirchhoff's law, and is numerically equal to the emittance. The absorptance varies 
appreciably for wavelengths lower than 4.0 ym and remains practically unchanged for 
longer wavelengths. The generated provisional values with + 25% uncertainty are given 
in Table 20-15 and plotted in Figure 20-10. 
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f. Normal Spectral Absorptance (Temperature Dependence) 


The provisional values of the normal spectral absorptance of aluminized grafoil 
is given in Table 20-16 and plotted in Figure 20-11. They are numerically equal to the 
normal spectral emittance. Comparing our predicted curves for 5.0 ym and 10.0 ym 
with the available data in Figure 20-5, it appears that our predicted values are higher 
than experimental values. By a careful examination of the measurement information, 
one sees that the experimental points in Figure 20-5 are for thin films. The absorptance 
of bulk material is in general higher than that of thin film. An uncertainty of 25 is 
incooperated to the provisional values so that they can be used for most of the real sur- 


faces. 
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g. Transmittance 


Although it is true that metals in the form of extremely thin films may be 
transparent for a wide wavelength range, they are opaque if the thickness is greater 
than several hundred angstroms. Consequently, composites with a metal layer are opaque 
to visible and infrared radiation because in general applications they are not used as 
extremely thin films. This leads to the conclusion that as an aircraft/spacecraft struc- 
tural material, this composite is opaque and its transmittance is zero. 
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4.21. Boron Fiber Aluminum Matrix Composite 


Boron fiber aluminum matrix composite is made in the form of sheet or tape. 
The sheets are made by diffusion bonding boron fibers between two sheets of aluminum or 
aluminum alloys. The tape is made by plasma spraying the 713 braze alloys. The tape 
is then diffusion or braze bonded into any desired configuration. 


Boron filaments are formed by the vapor deposition of boron on a fine tungsten 
wire substrate within a reactor. Exposure of the tungsten substrate to the high temper- 
ature boron trichloride reactor environment results ina filament consisting cf a boron 
sheath on a tungsten boride core. Boron fibers have higher tensile strength and modulus 
of elasticity than the graphite fibers commonly used in composite materials. Their melt- 
ing point is higher than that of aluminum generally used in conjunction with them. The 
boron filaments are currently produced by two principal sources, Hamilton Standard and 
Aveo, It might be noted that composites using Borsic filaments are also available com- 
mercially. These are boron filaments coated with silicon carbide in order to adapt boron 


filaments to high temperature usage in composite, 


In the area of metal matrix, aluminum or aluminum alloys are currently com- 
mercially available. 


The advantage of the boron fiber aluminum matrix composite is that along with 
its light weight it has a high temperature and heat resistance. Although the fiber material 
stands very high temperatures, its aluminum composite is not recommended for continuous 
service above 590 K, but the intermittent service to 645 K is possible, The products are 
available commercially in a wide range of laminate thickness including monolayer sheets 
in finished form. Virtually all of the actual hardware items built to date have been fab- 
ricated using standard fiber volume fractions of fifty percent. 


The composite materials are fabricated primarily for aircraft constructions 
because of their advantages. Much of their mechanical and thermal properties are exten- 
sively as well as intensively measured, Asa result, numerous publications in those areas 


are available at users' disposal. 


With regard to the thermal radiative properties of these composites, it is unfor- 
tunate to find that there is nothing available, a very discouraging fact to workers in laser 
research, However, in view of the facts that the fiber materials are diffusion bonded 
between sheets of aluminum and the thickness of aluminum sheet is far more than enough 
to be opaque to the radiation, the thermal radiative properties of composite materials 
can be fully described by considering them as aluminum alone, Although aluminum alloys 
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2024-T851 and 6061-T6 are also commonly used as the matrix materials, the final products 
of the composites are usually alclad for corrosion resistance. Therefore, the generation 
of the most probable values on the thermal radiative properties of boron fiber aluminum 
matrix composite is based on the available data of aluminum, 


Literature survey for aluminum revealed an adequate amount of data on the normal 
spectral emittance, reflectance, and absorptance. Measurement information and exper- 
imental results obtained in this survey are given in Tables 20-1 to 20-10 and Figures 20-1 
to 20-5. By careful review of the tables and figures, one will see that the magnitudes of 
the thermal radiative properties are very much affected by the surface conditions of the 
specimens. The literature abounds with examples of test surfaces shown to be very sen- 
sitive to methods of preparation, thermal history, and environmental conditions. Despite 
this awareness, descriptions of test surfaces are generally inadequate because of our 
modest understanding of the mechanisms or real surface effects and how to properly 


characterize a surface, 


To isolate the individual surface characteristics is a difficult task. For most 
materials it is not practical to alter one characteristic without causing an influence on 
another. The control of the many variables required to study surface characterization 
in a logical manner is a complex problem. As a result only the simplest of surface pro- 
files or compositional effects have been studied or are understood. One of the most im- 
portant influences on the radiative properties of metals arises from surface roughness. 


Because of the difficulties mentioned above, data analysis and evaluation is not 
a straightforward task; some logical but not exact means should be used in the gener- 
ation of the most probable values for the properties of our interest. It is decided that 
the classical model of Hagen and Rubens with some modification is used to interpret the 
selected emittance data for mechanically polished surfaces, which is chosen as a good 
approximation to the real surfaces. Details of modifying the Hagen and Rubens equation 
are discussed in Section 2 and Eq. (2. 5-5) is used for data analysis. 


Reliable and accurate available data on the normal] spectral emittance of mechanically 
polished aluminum surface were obtained by converting the data sets, curves 4 and 5 of 
Figure 20-4, from absorptance to emittance using Kirchhoff's law. Data for curves 4 
and 5 were obtained at temperatures of 573 K and 293 K respectively. By a least squares 
calculation Eq. (4.20-1) was found to fit the selected data with uncertainties of less than 
+10%. Absorptance and reflectance can be calculated by using Eqs, (4.20-2) and (4. 20-3), 


By a quick scanning review of the details on the available data and information given 
in Tables 20-1 to 20-10 and Figures 20-1 to 20-5, it appears that the surface roughness 
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can be incorporated into Eq. (4.20-1). However, no attempt was made because there 
was not a single systematic information on the roughness dependence of the radiative 
properties available for data analysis. As a result, only the radiative properties of 
mechanically polished surface are presented here. Note that in the following tables more 
decimal places are reported than warranted merely for the purpose of tabular smooth- 
ness and internal comparison. Readers are advised to use the appropriate uncertainties 


given in each case. 


a. Normal Spectral Emittance (Wavelength Dependence) 


Normal spectral emittance of mechanically polished boron fiber aluminum matrix 
composite is calculated from Eq. (4.20-1) and listed in Table 21-1 and plotted in Figure 
21-1. The values generated are considered as provisional (about 425% uncertainty) since 
they are estimated based on the aluminum data. Provisional values are presented at five 
temperatures, 293, 450, 600, 750, and 850 K. Note that the emittance is usually quite 
low and remains practically constant for wavelengths longer than 6 ym. 
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b. Normal Spectral Emittance (Temperature Dependence) 


The normal spectral emittance as a function of temperature is given in Table 
21-2 and Figure 21-2. The generated values are considered as provisional with un- 
certainty +25%, The plot clearly shows that emittance for a given wavelength does not 
vary appreciably for a wide temperature range. Note that the melting point of alumi- 
num at about 930 K is not far from the ending point (about 880 K) of eachcurve. It seems 
that the curves can be extrapolated to or beyond the melting point. 
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c. Normal Spectral Reflectance (Wavelength Dependence) 


As given in Table 21-3 and plotted in Figure 21-3, the normal spectral reflec- 
tance of boron fiber aluminum composite is calculated by assuming that energy loss of 
the impinging radiation is entirely due to absorption. The result is remarkably good 
as one can see by comparing Figure 20-3 and Figure 21-3. Since the data analysis is 
totally based on the available data of aluminum, allowance is given in the estimation 
of the predicted values, An estimated uncertainty of + 20% is given to the calculated 


values, 
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d. Normal Spectral Reflectance (Temperature Dependence) 


In Table 21-4, the provisional values of the normal spectral reflectance are 
given with estimated uncertainties of + 20%. The variation of the property us a function 
of temperature is demonstrated in Figure 21-4. For a given wavelength, the normal 
spectral reflectance remains as a constant from room temperature up to near the melting 
point of the material. At higher temperatures our knowledge on this property is lacking. 
However, it seems that a linear extrapolation of the curve to and above the melting point 


can be used with uncertainty of no more than + 354%, 


yu 


aang 
eeee 


$96°0 o°oce $%6' 6 C°Css 393°O e°ces ceed 3 
gee°et C°Sceé 656° 6°06? w73°O 3°cse Gfe*d c 
£96 °S a°cge2 3Sc" arte eno "3 o°2S2. Teerd C 
SSS °C Car Se e350°S crecd £4500 OSGiZ TLE°s 
635°O 2502 £26°S oreo’ bad io aH och 2f6°3 
01L6°0 C°Gss 796°C C°S¢9 SOC 3°Ss ered 
Tae eS s°369 Jee 3°ca¢ £e5° o°e8c9 gree 
/eZé°a eS £60°3 SP ESS SS 55.9 O°rsSs 25° c 
£45" 6 g° OCS €S5°% G°CSS vese*s oS SERS c 
E 745 °O OFS4 0656°9 O° tc 255° Sie Thay 2ge°9 Cc 
926°C o°3o*% es6r°et s°co® "a6" 'O c°cts fLEerg Cc 
226°0 o°tce 726°C COS S 92600 OZeSe c76° OD Cc 
625°S o°ace 456°9 C°Scr 625°S has Ss 276°) G 
626°° BOSS esd 9°k€e 655 °9 G°sée Ferg c 
T86°s C°OS?S S25'S Bo ese eS6°e Q°4s2 SFE %S a 
92th = ¥ o°c =X g°e =X e°2 
G2kSI10d QSHSI Nd NSH Sit oS O23h 
ATVTVYOININOI ATIVIINVHIEH ATVIWOINVHOSH ATIVSIN 


d AF d L d Re g 


CO *30NVAS274Ea $e fh SEEN VoSdHSL Swit *y SHIONSIZAUN) 


CZONIGNZd3C SENLVES¢ASL) BLISOGHOD XIBiVA WHNIRIVY NSCIL4A NCUSE 40 SOINYLILSVSSS WeLIFES WASoN WNCISIACHO SH-T2 BIEYL 


? 


wWIVQWSO@gwrewrFOVvISgI BMY 


AV OY 67 aN SD i 0d BY OY OLY UO 


NNM PF 2awWNononr OND 


ou 
WO 
xa 


Be Se a 


in 


& 


vila 


* (JIN30N3d30 3YNLbY3dW3L) 3LISQdWOD X1IYLEW 
WANTS YSE14 NOYOE 30 3INKLI31S3Y TWYLISdS THWYON THNOISIADYd ‘h-T2 3yuNSIS 


MW’ SuNLEY IdW3L 


{ul 9*z) [euolstaoig 


{wi gg) peuorstacag 
[wi 9 *¢) [euols}Aoig 
{wTl 9 *o,] [euols}Aorg —_ 


Mec 





JONULI31I34 


912 


e. Noxmal Spectral Absorptance (Wavelength Dependence) 


The normal spectral absorptance is obtained according to tne Kirchhoff's law, 
i,e., numerically the absorptance is equal te the emittance. Asa result, Table 21-5 
and Figure 21-5 appear the same as Table 21-1 and Figure 21-1, as well as the uncer- 
tainties (425%). The absorptance varies appreciably for wavelengths lower than 4.0 ym 
and remains practically unchanged for longer wavelengths as shown in Figure 21-5. 


rae) 


CHANICALLY 
= 650 


= 


POLISH 


M 
T 


ABSORPTANCE.a& } 


KS 
MECHANICALLY 


Ts 
POLISHED 


fe 


BORON FISER ALUMIAUM MATRIX COMPOSITE (WAVELENGTH DEPENDENCE) 


MPERATUR 


OF 


e 
= 


RCE 
0 


SORP TAK 
699 


Ss 
MECHANICALLY 


POLISH 


8 
T 


(WAVELENGTH. A, pms T 


ANICALLY 
POLISHED 


450 


PRCVISTONAL NORMAL SPECTRAL 
MECH 


21-5. 


TABL 
293 


MECHANICALLY 


POLISHED 


T 


Os 


Ta) 
te. 


Uy 
Lan] 


2.0723 


2.5 


of 


Qo 


oO 
” 


Le 


a 


ie ] 


2.3 


Xe] 
2 


ie) 


2.3 


C2567 


$57 
C2052 
C2044 
0.f4%1 


0. 


C.Cé7 
9.062 
G.055S 
0.357 
0.953 


3.0 


3.0¢ 


G.C59 


Q 


3. 


ns} 


ty 


qo 
wo 
C2 


Cc 


aT a) 


its) 


x 


3.8 


u\ 
C3] 


a 


3.6 


w) 
in 


o 


io) 


3.3 


4.0 
4.5 


uy 
wh 
to) 


uy 
ao 


0. 


0.045 


4.0 
We 


Ls) 


C.951 
2.048 


uy 


iN 


0.63 


ao 
tay 
a 


Ls) 


5.6 


© 


in 


oO 


0.04 


5.9 


9.333 
0.331 


«© 
+ 
Oo 

e 
Qa 


5.5 


32046 
0.943 


i%s) 


el 
7 
ae 


9.965 


Qe. 


€.8 


20 


Loo) 


9.C37 


5.5 


in 
in 


Lo) 


4h 


. 
C.042 


Otc. 


-? 
w 


re) 


Ow 


on 
“) 
3 


is] 


@ 
. 


o 


La) 
o 


o 


he 
fon | 


ry 


f'n 
. 
» 


cot 


Oe 


7.5 


705 


he 


uy 


0.037 
c.c3 


7e3 
7.5 
8. 


iol] 
ry 
ed 


G32 


ve 


coe 


7.5 


7G 
6. 


a) 
“wy 


€.326 


a 


In 
ee 
Ld 


C.339 
6.333 
C.037 


o 


ao 


3.0 
Be 


S34 


5 
ve 


Ca 


Lea) 
2 


i] 


324 


e 
ve 


ao 


8.5 
re) 


ire} 
o 


©. 


iy 


9 
») 


Ww 


C.C29 Ce 


8.5 


Cr 
o 


tn 


tn 
ra) 
co 


a 


‘) 
Lae) 
aa 


0 


ay 
NI 


hard 


cP 


a 


2 


eee 
Nong 


w 
ft} 
a 


[2 7 


9.5 


20.9 


by 


Se 
a etl 


ef 


“ 


a 


C.C27 


un 


Pal 


) 
~ 


fe) 


" 


uy 
“) 
7 

* 
ca 


20) 


ed 


r 


iP 
Le) 


a 


aot 


t) 
al 


0 
C1 
ws 


1 


Lo) 


”? 
4 


a] 


&?> 


ry 


od 
oa 


as 


2 


Q 


oo 


oO 
Os 
qQ 


o 


5 


ae 
ave 


ef 
ts 
3 


ca] 


m 
™~ 
©) 


qo 


wy 
a 


a 


v4 
al 


Load 
is] 
a 


a 


Le) 


4 
vt 


0.025 


vd 
wi 


i] 
e3 


2 


C.333 


wt 


ft) 


it) 


a4 


o 
a 


a 


C.025 


11. 5 


a] 
i] 
> 


o 


in 


wd 


et ot 


032 


Os 


wi 


LP) 
i] 


ow 


12.9 


o 


“N 


~f 


+t 
o 


tc 


o4 
oO 


ce 


e? 


“4 


L225 


1.939 


NI 
co 


oy 


cfs 


ae 


12.5 


ea 


©: 


1265 


aa) 


Al 


a 


o 


13.6 


~) 


t2 


a 


3. 
13.25 


4 


2.919 
2228 


Qo 
fr) 


o 


13.5 


13565 


yo 
" 
>) 


oO 


iva) 


tal 


OF 
se 


J 


a) 


In 
ry 


Lee) 
B) 
? 


o 


+ 


uty 
Ww 


« 


© 


7? 


“i 


0.C2 


C.02S 
t.929 


ve928 14.5 


14.5 


uy 


ts) 


a 


14.5 


C.022 
o-C21L 


15.0 


0.027 


0.025 


hal 
a 


43 


914 


* (Q9N30N3d30 HLSNST3ZAMM) 3LISQdWOD XIYLBW 
WONIWN TH Y38143 NOYOS JD AWHLdYOSBH WHLI3dS THWYON TWNOISIADYd "S-I2 3ayNdI4 


4313N0831N* HLONS T3ABM 


O91 Oh oer o°ot os o°g 0"r o"e oO 


IM OSF] [Buo}s}Aorg 


(M €6Z] [euols}Aorg 


[M 0S8] [BUOIs}Aorg 


IM OG2] TeuoTs1A01g 


IM 009] [PuoIs}Aol1g 





JINYLdYOSEY 


915 


f. Normal Spectral Absorptance (Temperature Dependence) 


The provisional values of the normal spectral absorptance of boron fiber aluminum 
matrix composite is given in Table 21-6 and plotted in Figure 21-6. They are numerically 
equal to the normal spectral emittance. In Figure 21-6, our predicted curves for 5.0 ym 
and 10.0 ym are higher than experimental values plotted in Figure 20-5. By a careful 
examination of the measurement information, one sees that the experimental points 
in Figure 20-5 are for thin films. The absorptance of bulk material is in general higher 
than that of thin film. An uncertainty of 25% is given to the provisional values so that they 


can be used for most of the real surfaces. 
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g. Transmittance 


Although it is true that metals in the form of extremely thin films may be 
transparent for a wide wavelength range, they are opaque if the thickness is greater 
than several hundred angstroms. Consequently, composites with metal matrix are 
opaque to visible and infrared radiation because in general applications they are not 
used as extremely thin films. This leads to the conclusion that as an aircraft/space- 


craft structural material, this composite is opaque and its transmittance is zero, 
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4,22. Graphite Fiber Aluminum Matrix Composite 


Graphite fiber aluminum matrix composite is made in the form of sheet or tape. 
The sheets are made by diffusion bonding graphite fibers between two sheets of aluminum 
or aluminum alloys. The tape is made by plasma spraying the 713 braze alloys. The 


tape is then diffusion or braze bonded into any desired configuration. 


There are three types of graphite fibers currently in large-scale production. 
These filaments have varied tensile strengths, moduli of elasticity, and densities. Graph- 
ite fibers for use in composite materials are made by the carbonization of organic fibers. 
Polyacrylonitrile (PAN) is most commonly used today, but acrylic and rayon fibers have 
been used to some extent in the past. The mechanical properties of the fibers depend 
on the temperatures used in the carbonization process. Temperatures of 2800-3300 K 
yield fibers with high moduli of elasticity but with relatively low tensile strength while 
temperatures of 1800-2300 K result in fibers of the highest tensile strength but only 
moderate elasticity. The melting point of the graphite fibers is much higher than the 
aluminum matrix components generally used. The fibers are available in short lengths 
(about 48 inches) and continuous lengths up to 3000 feet. The mechanical properties of 
these two forms are somewhat different. 


In the area of metal matrix, aluminum or aluminum alloys are currently com- 


mercially available. 


The advantage of the graphite fiber aluminum matrix composite is that along 
with its light weight it has a high temperature and heat resistance. Although the fiber 
material stands very high temperatures, its aluminum composite is not recommended 
for continuous service above 590 K, but the intermittent service to 645 K is possible. 
The products are available commercially in a wide range of laminate thickness including 
monolayer sheets in finished form. Virtually all of the actual hardware items built to 
date have been fabricated using standard fiber volume fractions of fifty percent. 


The composite materials are fabricated primarily for aircraft constructions 
because of their advantages. Much of their mechanical and thermal properties are ex- 
tensively as well as intensively measured. Asa result, numerous publications in those 


areas are available at users. disposal, 


With regard to the thermal radiative properties of these composites, it is un- 
fortunate to find that there is nothing available, a very discc..raging fact to workers in 
laser research, However, in view of the facts that the fiber materials are diffusion 


bonded between sheets of aluminum and the thickness of aluminum sheet is far more than 
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enough to be opaque to the radiation, the thermal radiative properties of composite ma- 
terials can be fully described by considering them as aluminum alone. Although aluminum 
alloys 2024-T851 and 6061-T6 are also commonly used as the matrix materials, the 

final products of the composites are usually alclad for corrosion resistance. Therefore, 
the generation of the most probable values on the thermal radiative properties of graphite 


fiber aluminum matrix composite is based on the available data of aluminum. 


Literature survey for aluminum revealed an adequate amount of data on the normal 
spectral emittance, reflectance, and absorptance. Measurement information and exper- 
imental results obtained in this survey are given in Tables 20-1 to 20-10 and Figures 20-1 
to 20-5. By careful review of the tables and figures, one will see that the magnitudes of 
the thermal radiative properties are very much affected by the surface conditions of the 
specimens. The literature abounds with examples of test surfaces shown to be very sen- 
sitive to methods of preparation, thermal history, and environmental conditions. Despite 
this awareness, descriptions of test surfaces are generally inadequate because of our 
modest understanding of the mechanisms or real surface effects and how to properly 


characterize a surface. 


To isolate the individual surface characteristics is a difficult task. For most 
materials it is not practical to alter one characteristic without causing an influence on 
another. The control of the many variables required to study surface characterization 
in a logical manner is a complex problem. As a result only the simplest of surface pro- 
files or compositional effects have been studied or are understood. One of the most im- 


portant influences on the radiative properties of metals arises from surface roughness. 


Because of the difficulties mentioned above, data analysi= 1d evaluation is not 
a straightforward task; some logical but not exact means should be used in the genera- 
tion of the most probable values for the properties of our interest. It is decided that 
the classical model of Hagen and Rubens with some modification is used to interpret the 
selected emittance data for mechanically polished surfaces, which is chosen as a good 
approximation to the real surfaces, Details of modifying the Hagen and Rubens equation 
are discussed in Section 2 and Eq. (2.5-5) is used for data analysis. 


Reliable and accurate available data on the normal spectral emittance of mechanically 
polished aluminum surface were obtained by converting the data sets, curves 4 and 5 of 
Figure 20-4, from absorptance to emittance using Kirchhoff's law. Data for curves 4 and 
& were obtained at temperatures of 573 K and 293 K respectively. By a least squares 
calculation Eq. (4.20-1) was found to fit the selected data with uncertainties of less than 
410%, Absorptance and reflectance can be calculated by using Eqs. (4. 20-2) and (4. 20-3). 
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By a quick scanning review of the details on the available data and information 
given in Tables 20-1 to 20-10 and Figures 20-1 to 20-5, it appears that the surface rough- 
ness can be incorporated into Eq. (4.20-1) . However, no attempt was made because 
there was not a single systematic information on the roughness dependence of the radiative 
properties available for data analysis. Asa result, only the radiative properties of 
mechanically polished surface are presented here. Note that in the following tables more 
decimal places are reported than warranted merely for the purpose of tabular smoothness 
and internal comparison. Readers are advised to use the appropriate uncertainties 


given in each case, 


a. Normal Spectral Emittance (Wavelength Dependence) 


Normal spectral emittance of mechanically pol:shed graphite fiber aluminum matrix 
composite is calculated from Eq. (4,20-1) and listed in Table 22-1 and plotted in Figure 
22-1, The values generated are considered as provisional (about + 25% uncertainty) since 
they are estimated based on the aluminum data. Provisional values are presented at five 
temperatures, 293, 450, 600, 750, and 850 K. Note that the emittance is usually quite 
low and remains practically constant for wavelengths longer than 6 ym. 
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b. Normal Spectral Emittance (Temperature Dependence) 


The normal spectral emittance as a function of temperature is given in Table 
22-2 and Figure 22-2. The generated values are considered as provisional with + 254 
uncertainty. The plot clearly shows that emittance for a given wavelength does not vary 
appreciably for a wide temperature range. Note that the melting point of aluminum at 
about 930 K is not far from the ending point (about 880 K) of each curve, It seems that 
the curves can be extrapolated to or beyond the melting point. 
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c. Normal Spectral Reflectance (Wavelength Dependence) 


As given in Table 22-3 and plotted in Figure 22-3 *’:e normal spectral reflectance 
of graphite fiber aluminum matrix composite is calculated by assuming that energy loss 
of the impinging radiation is entirely due to absorption. Since the dé*a analysis is totally 
based on the available data of aluminum, allowance is given in the estimation of the pre- 
dicted values. An estimated uncertainty of +20¢ is given to the calculated values. 
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d. Normal Spectral Reflectance (Temperature Dependence) 


In Table 22-4, the provisional values of the normal spectra] reflectance are 
given with an estimated uncertainty of + 20%. The variation of the property as a function 
of temperature is demonstrated in Figure 22-4. For a given wavelength, the normal 
spectral reflectance remains as a constant from room temperature up to near the 
melting point of the material. At higher temperatures our knowledge on this property 
is lacking. However, it seems that a linear extrapolation of the curve to and above 
the melting point can be used with uncertainty of no more than + 35. 
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e. Normal Spectral Absorptance (Wavelength Dependence) 


The normal spectral absorptance is obtained according to the Kirchhoff's law, 
i,e., numerically the absorptance is equal to the emittance. The absorptance varies 
appreciably for wavelengths lower than 4.0 ym and remains practically unchanged for 
longer wavelengths. The generated provisional values with + 25% uncertainty are given 
in Table 22-5 and plotted in Figure 22-5. 
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f, Normal Spectral Absorptance (Temperature Dependence) 


The provisional values of the normal spectral absorptance of graphite fiber alumi- 
num matrix composite is given in Table 22-6 and plotted in Figure 22-6, They are numer- 
ically equal to the normal spectral emittance. In Figure 22-6, our predicted curves for 
5.0 ym and ‘0.0 ym are higher than experimental values plotted in Figure 20-5. By a 
careful examination of the measurement information, one sees that the experimental 
points in Figure 20-5 are for thin films, The absorptance of bulk material is in general 
higher than that of thin film. An uncertainty of 25% is incorporated to the provisional 
values so that they can be used for most of the real surfaces. 
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g. Transmittance 


Although it is true that metals in the form of extremely thin films may be 
transparent for a wide wavelength range, they are opaque if the thickness is greater 
than several] hundred angstroms. Consequently, composites with metal matrix are 
opaque to visible and infrared radiation because in general applications they are not 
used as extremely thin films. This leads to the conclusion that as an aircraft/space- 


craft structural material, this composite is opaque and its transmittance is zero. 
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4,23. Boron Fiber Epoxy Composite 


This composite material consists usually of continuous boron filaments surrounded 
by a matrix of epoxy resin. It is usually produced in tape form so it can be used in fur- 


ther fabrication of specialized materials. 


The boron filaments, as currently produced, are formed by vapor deposition 
of boron on a fine tungsten wire substrate within a reactor. Exposure of the tungsten 
substrate to the high-temperature boron trichloride reactor environment results in 
a filament consisting of a boron sheath on a tungsten boride core. Other means of pro- 
ducing boron filaments are currently being investigated which would eliminate the tungsten 


substrate. 


The organic matrix resins most commonly used with boron filaments are modified 
epoxy resins available as commercial formulations developed specifically for this pur- 
pose, Other organic resins used include polyamides and phenolics. However, the state 
of the art with these resins is less advanced than for the epoxy materials. 


The normal service temperature range of the boron fiber epoxy composite is 
dependent on the type of epoxy resiz being used as a matrix. This range is nominally 
220 K, where the epoxy becomes very brittle, to 450 K. Epoxy resin decomposes around 
590 K. 


The boron fiber epoxy is fabricated primarily for aircraft constructions, much of 
its mechanical and thermal properties are studied. As a result, a large amount of ex~ 
perimental data are made available. However, with regard to the thermal radiative 
properties of the composite, it is quite discouraging. Only one set of systematic exper- 
imentally determined data on the normal spectral reflectance is all that can be uncovered 
by our open literature search. This leaves us no choice but to use it as the basis for the 
estimation of the most probable values of the radiative properties for boron fiber epoxy 


composite, 


The fact that the composite material is made by bonding boron fibers in a matrix 
of epoxy resin implies that epoxy is the material which predominately contributes to the 
thermal radiative properties of the composite material. The other component, the boron 
fiber, plays minor role. Indeed, by comparing the shapes of the normal spectral reflec- 
tance curves (Figure 23-4 in this subsection and Figures 24-4 and 25-4 in subsections 4.24 
and 4, 25 respectively) we can see the spectral band patterns of the three epoxy composite 
materials (boron fiber epoxy composite, glass fiber epoxy composite and graphite fiber 
epoxy composite) are similar. 
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Reflectance of epoxy is generally fairly low, about 10%, for wavelengths longer 
than 2.5 ym. Also, it does not change appreciably as the material is heated up and goes 
decomposition phase and into the char region [A00004]. In other words, the radiative 
properties of epoxy are independent of temperature. 


For epoxy composite materials, the following two relations are commonly used 


as good approximations: 
a(0,A) = 1 - p(0, 27, A); 
€(0,A) =a(0,A), 
because of opaqueness of the materials. 


According to the facts discussed above, we are in a position to estimate the 
following six subproperties for boron fiber epoxy composite based on the single available 
set of reflectance data: 


Normal spectral emittance (wavelength dependence) 
Normal spectral emittance (temperature dependence) 
Normal spectral reflectance (wavelength dependence) 
Normal spectral reflectance (temperature dependence) 
Normal spectral absorptance (wavelength dependence) 
Normal spectral absorptance (temperature dependence) 


a. Normal Spectral Emittance (Wavelength Dependence) 


Provisonal values of the normal spectral emittance of slightly grit-blasted 
boron fiber epoxy composite are obtained from the analyzed result of reflectance by using 
the relation o(0,A) = 1 - p(0, 2m, \) ail Kirchhoff's law. Such convers‘on is frequently 
used for the materials whose refleztznze is known [A00004]. The provisional values, 
listed in Table 23-1 and plotted in Fire 23-1, are in general very close to unity. For 
rough uses, a value of 0.95 can be saely used because the uncertainty of the provisional 
values is + 204, 
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b. Normal Spectral Emittance (Temperature Dependence) 


The normal spectral emittance as a function of temperature is given in Table 
23-2 and plotted in Figure 23-2. The generated values are considered as provisional 
with 204 uncertainty. Here, we present the property values as a constant for a given 
wavelength because it has been observed in epoxy composites that the radiative prop- 
erties do not change appreciab'y with temperature (A00002]. With 20% uncertainty, 


the provisional values can be safely used for most of the true surfaces. 
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c. Normal Spectral Reflectance (Wavelength Dependence) 


As given in Table 23-3 and plotted in Figure 23-3, the provisional values of boron 
fiber epoxy composite are obtained by reading off from a curve smoothed out from the 
only available set of data shown in Figure 23-4. It shows a quite complex spectral dis- 
tribution of energy reflected from the composite material. Because of scantiness of 
the available data and spectral complexity, no attempt was made to carry out analytical 
calculations but the smoothing technique. An estimated uncertainty of 25% is given to 


the provisional values which are believed to be reasonable for most of the real surfaces. 
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d. Normal Spectral Reflectance (Temperature Dependence) 


In Table 23-6, the provisional values of the normal spectral reflectance are 
given with estimated uncertainties of + 25%. The variation of the property as a function 
of temperature is demonstrated in Figure 23-5. For a given wavelength, the normal 
spectral reflectance remains as a constant from room temperature up to the char region 
of epoxy. The independency of the reflectance of epoxy composite with temperature has 
been observed experimentally [A00002]. The reported provisional values are believed 
to be reasonable in most of the real situation, 


**o°O 0°00S 


4®6°O 0°0S% 
no°0 0°00% 
4¥49°O o°ccs 
440°O o°oo0s 
n40°0 0°CS2 
9°0T = Y 
034SV10-1149 
AVAHOIN 
d L 


090°0 0°0CS 
690°0 D0°CSh 
o90°0 0°Coh 
099% 0°0SE 
090°) c°coe 
090°9 0°0S2 
o°s =X 
O4LSV1G-114x9 
ATLHST 4 
g L 


Cod *3ONV1937434 SH Sd S3NNLVERdW2L 


954 


959°0 
959°0 
950°0 
993°0 
959°0 
9S50°O 


O31Sv1e8-1149 
AVLHIT 


0 


sum * YY *HLONZ VIAN) 


0°00S 
9°0S% 
0°00% 
o°0se 
o°o0¢ 
9°0S2 


= X 


L 


s*#0°O0 9°00S 
$70°O0 0°0S% 
s#0°0 0°00% 
S90°O 0°0s¢ 
s*0°0 o°00£ 
$*0°0 0°os2 

e°2 = X 
O31LS¥18-1749 
AIVLHOT1 

g L 


(3ONSON3IdGIG S4INIVSIGHSL) JAISOGWOD AXOd3 Y3GT4 VOSOG 30 JONVIGSE7535 W.3lI3dS TVHSON TNOISIAOdd °3-£2 3°6V1 


_ 


ann Sa 


955 


oss 


*C3IN30N3d30 JYUNLbY3dW3L) 3JLISOdWOI 
AXOd3 YasI4 NOYOS JO 3INK193143Y WYLI3dS WWWYON TWNDISIAOQYd *S-E€2 3YNIIS 


W’ SUNLEY3dW3L 
00S OSh 00h OSE 00 


jw 9°OL =X} [BuoIstaoug 





jw o*s =X} [euotstAoig 
jw g*g =X] [euolstAoig 


jum g*z =X] [euors}Aoug 





00°0 


so°0 


JINYLII1IIY 


= ee 





956 


e. Normal Spectral Absorptance (Wavelength Dependence) 


The normal spectral absorptance is obtained according to the Kirchhoff's law, 
i.e., numerically the absorptance is equal to the emittance. Asa result, Table 23-7 
and Figure 23-6 appear the same as Table 23-1 and Figure 23-1, as well as the esti- 
mated uncertainties (+ 20%). 
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f. Normal Spectral Absorptance (Temperature Dependence) 


The normal spectral absorptance as a function of temperature is given in Table 
23-8 and plotted in Figure 23-7. The generated values are considered as provisionz] 
with 20% uncertainty. Here, we present the property values as constant for a giver 
wavelength because it has been observed in epoxy composites that the radiative prop- 
erties do not change appreciably with temperature ([A00002]. With 20% uncertainty, 


the provisional values can be safely used for most of the true surfaces. 


960 


956°0 a°00s an6e°c a°cos "96°D 0°tds ¢s6°0 0°00S 


956°0 o°0S* 0%6°0 0°05" "976°0O 0°GS% SS6°0 0°05" 
956°0 0°00% 046°O0 o°tlo 796°0 o°tos S5s6°0 0°004% 
956°0 o°ocs o*6°C O°Cse "76 °O O°ose SS56°9 o°ose 
996°0 o°oo: 076°0 o°core 7765 °O0 o°o0s SS6°0 o°oor 
966°0 0°0S2 0%6°%% C°Gs2 "76°0 0°0S2 £s6°0 0°0S2 

g°0t =X 0°S =X eek =X e°2 =X 
O31SVW-11U9 QarSsvieb-L14a9 Q31SV18-1149 OQ31SV1a-1149 
AVLHST1 AVLHST ATIHOT AVLHIT1 

La or n = nD DH a L 


(9 SZONVAdGYISEY 8H SL SBME SEN Ia Sut © XY SHISNZ TIAN) 


(39N3S0N2d30 3dNIVAAdN3L) BLISOGRO) AXOG3 G3IUTS NCAOH 40 JINVEG. Sout Weld-dS TWWYON TYNGISIAOdgd °8-€2 37V1 


961 


*C39N30N3d30 JUNLbY3dW3L) ILISOdDWOI 
AXOd3 YadI3 NOYOD 30 3INVIdDNOSSH TWWYLISdS WWYON WNDISIADYd “L-€2 JUNIIS 


WW’ JUNLEYSAdWaL 
00S OSh 00h OSE 006 


{wi g*z =X} [euolst0lg 


[ui g*g =X] [euors}Aorg 


ju o*¢ =X] peuoysyaoag 


[ur g*o1 =X} [euolsyaoirg 





JNU LduOSey 


962 


+,24, Glass Fiber Epoxy Composite 


A small amount of the exterior area of the aircraft is composed of nonmetallics. 
These nonmetallics consist chiefly variovs glass fiber reinforced plastics, and epoxy 


composites, etc. 


Composite materials have received great interest in the last decade because 
they provide unusual combinations of properties which cannot be obtained with any single, 
homogeneous substance. In aircraft and missile design, they have provided structural 


materials of very high strength and elastic modulus which also have low densities. 


Among nonmetallic composites, the glass/epoxy composites are the most commonly 
used. The glass fiber epoxy composite consists usually of fine glass fibers surrounded 
by a matrix of epoxy resin. The other alternative form commonly used is the glass fabric 


reinforced plastics with epoxy surfacer. 


Modified epoxy resins developed specifically for use in composites with glass 
fiber are available commercially. These are thermosetting resins used for low pressure 
laminating which normally cannot be used in continuous service above about 450 K although 
intermittent service at temperature up to 490 K is possible. Many of the various epoxy 
resins used as matrix constituents of composites are proprietory formulations whose 


exact chemical compositions are not available. 


Although the mechanical and thermal properties of glass/epoxy composites are 
well studied, ths thermal radiative properties are unattended. As a result, only one set 
of experimentally determined Gata on the ncrmz: spectral reflectance ‘s all that can be 
found by our open literature search. This leaves us no choice but to use it as the basis 
for the estima.ion of the most probable values of the radiative properties for glass fiber 


epoxy composite. 


The fact that the composite material is made by bonding the fibers in a matrix of 
epoxy resin implies that epoxy is the material which predominately contributes to the 
thermal radiative properties of the composite material. The other component, the fiber 
material, playsaminorrole, Indeed, by comparing the shapes of the normal spectral 
reflectance curves (Figure 24-4 in this subsection and Figures 23-4 and 25-4 in sub- 
sections 4,23 and 4.25 respectively) we can sce the spectral band patterns of the three 
epoxy composite materials (boror fiber epoxy composite, glass fiber epoxy composite 


and graphite fiber epoxy composite) are similar. 


Reflectance of epoxy is generally fairly low, about 10%, for wavelengths longer 
than 2.5pm. Also, it does not change appreciably as the material is heated up and goes 
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decomposition phase and into the char region [A00004]. In other words, the radiative 
properties of epoxy are independent of temperature. 


For epoxy composite materials, the following two relations are commonly used 


(A00004] as good approximations: 
a(0,r) = 1 - p(0, 2m, A); 
€(0,r) = @{0,d), 
because of opaqueness of the materials. 


According to the facts discussed above, we are ina position to estimate the 
following six subproperties for glass fiber epoxy composite based on the single available 
set of reflectance data: 


Normal spectral emittance (wavelength dependence) 
Normal spectral emittance (temperature dependence) 
Normal spectral reflectance (wavelength dependence) 
Normal spectral reflectance (temperature dependence) 
Normal spectral absorptance (wavelength dependence) 
Normal spectral absorptance (temperature dependence) 


a. Normal Spectral Emittance (Wavelength Dependence) 


Provisional values of the normal spectral emittance of slightly grit-blasted 
glass fiber epoxy composite are obtained from the analyzed result of reflectance by using 
the relation a{ 0,) = 1 - p(0, 27,A) and Kirchhoff's law. Such conversion is frequently 
used for the materials whose reflectance is known [A00004]. The provisional values, 
listed in Table 24-1 and plotted in Figure 24-1, are in general very close to unity. For 
rough uses, a value of 0.95 can be safely used because the uncertainty of the provisional 
values is + 20%, 


964 


£96°0 0°ST 
996°0 s°t 
026°0 o°4Tt 
526°0 S°tt 
086°0 o°et 
086°0 S°2t 
226°0 o°2t 
%26°9 S°tt 
026°O o°tr 
996°0 9°0T 
"96°0 s°ot 
2£56°0 0°ot 
"96°O $°6 
Si€°o 0°6 
e7¢°9 s°e 
926°0 o°9 
926°0 S°2Z 
926°0 o°2 
946°0 s°9 
126°O0 o°9 
"S6°O S°sS 
C56°O 9°S 
2£6°0 $°* 
6fe°O 0° 
£96°0 ere 
"S6°O $°t 
£4E°0 o°e 
926°O e°2 
£62 = 1 
032SV18-1189 
AILHST 
2 xX 


C3 SSONVALIWS Sh S81 S2UNiVUADHZA sur FY *SHLONSDIZAWN: 


€39R3GN3050 HLONZVZAVM) 3LTSOdWOD AXOG3 4SKI4 SSYV 43O JONVILINI WeLIBdS IWHYON TWNOISIAOMd “*Tee2 37601 


965 


o'sl 





Oh! 


*(39N30N3d30 HIONS13AUM) 31LISOdWOI 
AXOd3 Y3B14 SSU1ID 3O JINBLLIW3 WYLISdS TWHYON TWNDISIADYd “I-h2 3yNIIS 


Y3L3SWONI IN’ HLONSISAUM 
O'al 0°01 os og Ob 


o2g 


JINGLLIWS 





966 


b. Normal Spectral Emittance (Temperature Dependence) 


The normal spectral emittance as a function of temperature is given in Table 
24-2 and plotted in Figure 24-2. The generated values are considered as provisional 
with 20% uncertainty. Here, we present the property values as a constant for a given 
wavelength because it has been observed in epoxy composites that the radiative prop- 
erties do not change appreciably with temperature [A00002]. With 20% uncertainty, 
the provisional values can be safely used for most of the true surfaces, 
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c. Normal Spectral Reflectance (Wavelength Dependence) 


As given in Table 24-3 and plotted in Figure 24-3, the provisional values of glass 
fiber epoxy composite are obtained by reading off from a curve smoothed out from the 
only available set of data shown in Figure 24-4, It shows a quite complex spectral dis- 
tribution of energy reflected from the composite material. Because of scantiness of 
the available data and spectral complexity, no attempt was made to carry out analytical 
calculations but the smoothing technique. An estimated uncertainty of 25% is given to 
the provisional values which are believed to be reasonable for most of the real surfaces. 
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d. Normal Spectral Reflectance (Temperature Dependence) 


In Table 24-6, the provisional values of the normal spectral reflectance are 
given with an estimated uncertainty of + 25%. The variation of the property as a function 
of temperature is demonstrated in Figure 24-5. For a given wavelength, the normal 
spectral reflectance remains as a constant from room temperature up to the char region 
of epoxy. The independency of the reflectance of epoxy composite with temperature has 
been observed experimentally [A00002]. The reported provisional values are believed 


to be reasonable in most of the real situation. 
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e. Normal Spectral Absorptance (Wavelength Dependence) 


The normal spectral absorptance is obtained according to the Kirchhoff's law, 
i.e., numerically the absorptance is equal to the emittance, Asa result, Table 24-7 
and Figure 24-g appear the same as Table 24-1 and Figure 24-1, as well as the esti- 
mated uncertainties (+ 20%). 
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{f. Normal] Spectral Absorptance (Temperature Dependence) 


The normal spectral absorptance as a function of temperature is given in Table 
24-8 and plotted in Figure 24-7. The generated values are considered as provisional 
with 20% uncertainty. Here, we present the property values as constant for a given 
wavelength because it has been observed in epoxy composites that the radiative prop- 
erties do not change appreciably with temperature [A00002]. With 20% uncertainty, 


the provisional values can be safely used for most of the true surfaces. 
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4,25. Graphite Fiber Epoxy Composite 


Composite materials have received great interest in the last decade because they 
provide unusual combinations of properties which cannot be obtained with any single, 
homogeneous substance. In aircraft and missile design, they have provided structural 


materials of very high strength and elastic modulus which also have low densities. 


The graphite fibers used ir. composites are made by the carbonization of organic 
filaments. The filaments most ofte;. used today are made from polyacrylonitrile (PAN) 
although rayon and acrylic fibers have been used to a limited extent. The mechanical 
properties of graphite fiber depend on the temperatures used in the carbonization process, 
Temperatures of 2800-3300 K result in fibers with high elastic modulus but relatively 
low tensile strength. Temperatures of 1800-2300 K yield fibers of the greatest tensile 
strength but only moderate modulus of elasticity. The density of the fibers varies from 
1.74-1.94 g cm~3 depending on the carbonization temperatures used. The filaments 
are normally produced in untwisted, loose bundles, or tows, consisting of ten thousand 


fibers. 


Modified epoxy resins developed specifically for use in composites with graphite 
fiber are available commercially. These are thermosetting resins used for low pres- 
sure laminating which normally cannot be used in continuous service above about 450 K 
although interrrittent service at temperature up to 490 K is possible. Many of the var- 
ious epoxy resins used as matrix constituents of composites are proprietory formulations 
whose exact chemical compositions are not available. 


For aerospace design, graphite fiber-epoxy composites are generally supplied 
by the manufacturer as prepregs. These are tapes or broadgoods consisting of the 
graphite fibers impregnated with the epoxy resin matrix which have been only partially 
cured and consequently have a limited shelf life and require special storage facilities, 
The prepregs are used in the fabrication of laminates whose layer orientations are tailored 
to match individual design requirements. Consequently, large numbers of individually 
different crossplied laminates are likely to be encountered, each of which has distinctive 
properties and characteristics, and hence must be distinctly identified whenever it is 


to be associated with specific quantitative data. 


The graphite fiber epoxy is fabricated primarily for aircraft constructions because 
of its advantages. Much of its mechanical and thermal properties are studied. Asa result, 
sizable amount of data are made available at users disposal. 


With regard to the thermal radiative properties of the composite, it is unfortunate 


to find that there is only one set of experimental data on the normal spectral reflectance 


uncovered by our search. This leaves us no choice but to use it as the basis in the esti- 
mation of the most probable values of the radiative properties for graphite fiber epoxy 


composite. 


The fact that the composite material is made by bonding graphite fibers in a 
matrix of epoxy resin implies that epoxy is the material which predominately contributes 
to the thermal] radiative properties of the composite material. The other component, the 
graphite fiber, playsaminorrole. Indeed, by comparing the shapes of the normal spectral 
reflectance curves (Figure 25-4 in this subsection and Figures 23-4 and 24-4 in sub- 
sections 4,23 and 4,24 respectively) we can see the spectral band patterns of the three 
epoxy composite materials (boron fiber epoxy composite, glass fiber epoxy composite 
and graphite fiber epoxy composite) are similar. 


Reflectance of epoxy is generally fairly low, about 10%, for wavelengths longer 
than 2.5m. Also, it does not change appreciably as the material is heated up and goes 
decomposition phase and into the char region [A00004]. In other words, the radiative 
properties of epoxy are independent of temperature, 


For epoxy composite materials, the following two relations are commonly used 


as good approximations: 
@(0,A) = 1 - p(0, 27, A); 
€(0,A) =a(0,A), 
because of opaqueness of the materials, 


According to the facts discussed above, we are in a position to make reasonable 
estimation of the following six subproperties for graphite fiber epoxy composite based on 
the single available set of reflectance data: 


Normal spectral emittance (wavelength dependence) 
Normal spectral emittance (temperature dependence) 
Normal spectral reflectance ( wavelength dependence) 
Normal spectral reflectance (temperature dependence) 
Normal spectral absorptance ( wavelength dependence) 
Normal spectral absorptance (temperature dependence) 


a. Normal Spectral Emittance (Wavelength Dependence) 


Provisional values of the thermal spectral emittance of slightly grit-blasted 
boron fiber epoxy composite are obtained from the analyzed result of reflectance by using 


ad — SE SIC ES. 


TE th 
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the relation ~@(0,) = 1 - o(0,27,) and Kirchhoff's law. Such conversion is frequently 
used for the materials whose reflectance is known [A00004], The provisional values, 
listed in Table 25-1 and plotted in Figure 25-1, are in general very close to unity. For 
rough uses, a value of 0.95 can be safely used because the uncertainty of the provisional 
values is + 20%, 
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b. Normal Spectral Emittance (Temperature Dependence) 


The normal spectral emittance as a function of temnerature is given in Table 
25-2 and plotted in Figure 25-2. The generated values are considered as provisional 
with 20% uncertainty. Here, we present the property values as a constant for a given 
wavelr ngt fecause it has been observed in epoxy composites that the radiative prop- 
erties do not change appreciably with temperature [A00002]. With 20% uncertainty, 


the provisional values can be safely used for most of the true surfaces. 
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c. Normal Spectral Reflectance (Wavelength Dependence) 


As given in Table 25-3 and plotted in Figure 25-3, the provisional values of 
graphite fiber epoxy composite are obtained by reading off from a curve smoothed out 
from the only available set of data shown in Figure 25-4. It shows a quite complex 
spectral distribution of energy reflected from the composite material. Because of 
scantiness of the available data and spectral complexity, no attempt was made to carry 
out analytical calculations but the smoothing technique. An estimated uncertainty of 
254 is given to the provisional values which are believed to be reasonable for most of 


the real surfaces. 
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d. Normal Spectral Reflectance (Temperature Dependence) 


In Table 25-6, the provisional values of the normal spectral reflectance are 
given with an estimated uncertainty of + 25%. The variation of the property as a function 
of temperature is demonstrated in Figure 25-5, For a given wavelength, the normal 
spectral reflectance remains as a constant from room temperature up to the char region 
of epoxy. The independency of the reflectance of epoxy composite with temperature has 
been observed experimentally (A00002]. The reported provisional values are believed 


to be reasonable in most of the real situation. 
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e. Normal Spectral Absorptance (Wavelength Dependence) 


The normal spectral absorptance is obtained according to the Kirchhoff's law, 
i,e., numerically the absorptance is equal to the emittance. Asa result, Table 25-7 
and Figure 25-6 appear the same as Table 25-1 and Figure 25-1, as well as the esti- 
mated uncertainties (+ 20%). 
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f. Normal Spectral Absorptance (Temperature Dependence) 


The normal spectral absorptance as a function of temperature is given in Table 
25-8 and plotted in Figure 25-7, The generated values are considered as pr ovisionai 
with 20% uncertainty. Here, we present the property values as constant for a given 
wavelength because it has been observed in epoxy composites that the radiative prop- 
erties do not shange appreciably with temperature [A00002]. With 20% uncertainty, 


the provisional value: can be safely used for most of the true surfaces. 
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4.26. Silicon Nitride with Chopped Graphite Fiber 


No infoimation on the thermal radiative properties of this composite material 
was uncovered from the search of literature. Consequently, no tabulation or recommen- 


dation of the thermal radiative properties of this material is possible at this time. 


However, it is reasonable to assume that this material in its bulk form is opaque; 


that is, the transmittance is zero. 
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4.27, Silicon Nitride with Vitreous Silica 


No information on the thermal radiative properties of this composite material 
was uncovered from the search of literature. Consequently, no tabulation or recommen- 


dation of the thermal radiative properties of this material is possible at this time. 
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